University of Wollongong

Research Online
University of Wollongong Thesis Collection

University of Wollongong Thesis Collections

2009

MOSFET dosimetry: MOSkin dosimetric
characteristics in a 6MV x-ray beam
David Zahra
University of Wollongong, dpz50@uow.edu.au

Recommended Citation
Zahra, David, MOSFET dosimetry: MOSkin dosimetric characteristics in a 6MV x-ray beam, Doctor of Philosophy thesis, School of
Engineering Physics, University of Wollongong, 2009. http://ro.uow.edu.au/theses/3725

Research Online is the open access institutional repository for the
University of Wollongong. For further information contact the UOW
Library: research-pubs@uow.edu.au

MOSFET DOSIMETRY:
MOSkin DOSIMETRIC CHARACTERISTICS
IN A 6MV X-RAY BEAM

Masters of Science – Research
From
University Of Wollongong

By

David P. Zahra,
Bachelor of Medical and Radiation Physics

Centre for Medical Radiation Physics,
Engineering Physics
2009

CERTIFICATION

I, David P. Zahra, declare that this thesis, submitted in fulfilment of the requirements
for the award of Masters of Science – Research, in the Department of Engineering,
University of Wollongong, is wholly my own work unless otherwise referenced or
acknowledged. The document has not been submitted for qualifications at any other
academic institution.

David P. Zahra

Date:

-i-

DISCLAIMER

Intellectual property related to MOSkin dosimeter design are protected by pending
patent and belongs to Centre for Medical Radiation Physics (CMRP) UOW. NO
materials from this thesis are allowed to be copied or reproduced without written
consent from Prof Anatoly Rozenfeld.

- ii -

TABLE OF CONTENTS
Certification

i

Disclaimer

ii

Table of Contents

iii

List of Figures

vi

Abstract

xv

Acknowledgements

Chapter 1:

xvii

Introduction & Literature Review

1.1. Radiation Therapy

1

1.2. Skin Dose Detection

2

1.3. Current Dosimeters

3

1.3.1. Ion Chamber

3

1.3.2. Film Dosimeter

5

1.3.3. Thermoluminescent Dosimeter (TLD)

7

1.3.4. MOSFET Dosimeter

8

1.3.5. New MOSkin Dosimeter

12

1.4. Characteristics Under Investigation

14

1.4.1. Temperature dependence

14

1.4.2. Sensitivity Response

14

1.4.3. Energy Dependence

15

1.4.4. Angular Dependence

15

1.4.5. “Flip” Sensitivity Response

16

- iii -

Chapter 2:

Materials & Methods
18

2.1. Materials
2.1.1. MOSFET Dosimeters

18

2.1.2. Phantoms

24

2.1.3. Photon Radiation Sources

26

2.1.4. Other Equipment

28

2.2. Temperature Dependence

30

2.3. Sensitivity Response

33

2.3.1. Post-Irradiation Readout Time Interval

34

2.3.2. Usable Dose Range

34

2.4. Energy Dependence

35

2.5. Angular Dependence

37

2.5.1. Axial Angular Dependence

39

2.5.2. Tip Angular Dependence

43
45

2.6. “Flip” Sensitivity Variation
2.6.1. Soft vs. Hard MOSkin

45

2.6.2. Hard MOSkin With Si Cap

46

Chapter 3:

Results & Discussion

3.1. Chart Key

48

3.2. Temperature Dependence

49

3.2.1. Commercial MOSFET Temperature Dependence

49

3.2.2. MOSkin Temperature Dependence

52

- iv -

3.3. Sensitivity Response

54

3.3.1. Post-Irradiation Readout Time Interval

54

3.3.2. Usable Dose Range

56

3.4. Energy Dependence

58

3.5. Angular Dependence

60

3.5.1. Axial Angular Dependence

60

3.5.2. Tip Angular Dependence

68

3.6. “Flip” Sensitivity Variation

72

3.6.1. Soft vs. Hard MOSkin

72

3.6.2. Hard MOSkin With Si Cap

73
76

3.7. Error Bar Determination

Chapter 4:

Conclusions

77

References

83

-v-

LIST OF FIGURES
Figure 1.1: Mechanism of charge build-up in an insulator under an electric field as
shown by Holmes-Siedle [27]. This represents the metal – oxide – silicon structure
of a MOSFET............................................................................................................9
Figure 1.2: Schematic comparison of (a) the commercial MOSFET with epoxy bubble,
and (b) the new MOSkin dosimeter. The MOSFET chip of the MOSkin is
positioned below the surface of the packaging, drastically altering the shape and
thickness of the build-up layer. Note the large build-up layer typical of commercial
MOSFET dosimeters. The MOSkin build-up layer is of reproducible thickness
capable of presenting a WED of 0.07mm. The MOSkin is connected to the reader
and does not use conventional wire bonded technology.........................................13
Figure 2.1: MOSFET types used. Above each schematic is the corresponding photo.
MOSFET (a) is the commercially available MOSFET dosimeter with the epoxy
"bubble" (grey) build-up layer, while (b) and (c) are the two MOSkin versions with
the thin polyamide film (yellow) build-up. Note that the MOSFET chip (black box)
in (b) does not sit on top of the rigid package (white), rather it uses a unique dropin window design (hard version) , whereas (c) is an earier version (soft version)
which had no rigid packaging and so required a layer of acrylic glue (blue) to
facilitate handling....................................................................................................18
Figure 2.2: Gate structure of the commercial MOSFET (left) and MOSkin (right)
dosimeters where D, G, S represent the drain, gate, and source respectively. The
geometry of the MOSkin gate presents a W/L five times smaller than that of the
commercial device. (Design, fabrication and application of MOSkin dosimetry

- vi -

system are covered by CMRP patent. Using whole or partial materials of the thesis
only by permission).................................................................................................23
Figure 2.3: Illustrations of all three phantom designs used. From left to right they are:
acrylic cylindrical angular dependence phantom, solid water breast phantom, solid
water slab phantom. The top section on each is transparent red to show the
channel(s) for dosimeter placement beneath...........................................................24
Figure 2.4: This illustration demonstrates how the MOSkin is positioned in each of the
acrylic angular dependence phantom channels. ......................................................25
Figure 2.5: (a) The Varian 21EX linear accelerator, and (b) the Gulmay DX3300
orthovoltage x-ray therapy machine at the ICCC. ..................................................26
Figure 2.6: Percentage Depth Dose (PDD) characteristics of the ICCC Varian 21EX
LINAC (using calibrated ion chamber). Depth of maximum dose (Dmax) is at
15mm. .....................................................................................................................27
Figure 2.7: The Clinical Semiconductor Dosimetry System developed at the CMRP.
This unit is capable of connecting up to 10 separate dosimeters; 2 dosimeters for
each channel with one set for high and the other for low sensitivity......................29
Figure 2.8: This circuit was used to observe both the commercial MOSFET and the
MOSkin I-V response. At every stable temperature the drain current was recorded
for increasing values of gate threshold voltage.......................................................31
Figure 2.9: (a) Temperature control set-up (without latex sleeve). (b) Note that the
probe, mercury thermometer and MOSkin are in the same sleeve to ensure equal
thermal conduction from the water and thus provide a better indication of the
thermal state of the MOSFET in question. .............................................................32

- vii -

Figure 2.10: Three axes of gantry rotation in relation to the MOSkin. The green
represents the axial rotation, with measurements taken over the full 360°. The
others are the tip angular dependence, with blue defined as “horizontally planar”,
and the red as “vertically planar”. ...........................................................................37
Figure 2.11: (a) The acrylic cylindrical phantom set-up for axial angular dependence
measurements. The wire leads to the MOSkin situated inside the phantom. (b)
Diagram of acrylic phantom showing both halves and internal channel for the
MOSkin...................................................................................................................38
Figure 2.12: Angles of incident radiation with respect to the MOSkin dosimeter
orientation for axial angular dependence measurements. Note that the centre of
rotation is aligned with the surface, as the sensitive area is only 0.07mm below the
front face. ................................................................................................................39
Figure 2.13: The path of gantry rotation over the acrylic phantom. A single exposure
was delivered at each angle for each pass of the gantry for a total of three passes,
as indicated by the arced arrows. Later experiments consisted of a single gantry
pass with all exposures delivered at each angle before moving to the next............40
Figure 2.14: Acrylic cylinder phantom in "free-air" configuration (phantom in free-air
not just the dosimeter). Note: no treatment table beneath phantom is within the
beam path. ...............................................................................................................41
Figure 2.15: The plano-convex solid water breast angular dependence phantom. The
MOSkin sits recessed in the slab in the dosimeter channel (white) towards the
centre of the solid water breast phantom (transparent red). The breast phantom has
a radius of 7.5cm, while the slab (brown) is 15cm thick. .......................................42

- viii -

Figure 2.16: The vertically planar axis (a) of rotation about the MOSkin tip started with
the beam normally incident to the front face (0°), proceeded over the tip, to
normally incident to the back face (180°). The horizontally planar axis (b)
proceeded from one side of the MOSkin to the other around the edge. ..................43
Figure 2.17: Additional channels for tip angular dependence measurements from the
side of the cylinder. Both channels are equidistant from their respective cylinder
ends. Channel (1) was for the previous axial measurements, with channel (2) for
vertically planar tip, and channel (3) for horizontally planar tip measurements.
Unused channels were filled with wax to remove air gap. .....................................44
Figure 2.18: MOSkin “up” (beam incident to front face) and “down” (beam incident to
back face) orientations for the “flip” test (0° and 180° respectively by axial angular
dependence coordinates as shown in method 2.5). The incident radiation originates
from directly above in both cases. ..........................................................................46
Figure 2.19: MOSkin with 0.36mm silicon wafer (Si cap) over the sensitive area. Notice
it covers the entire sensitive area and remains on the front face for both the up and
down orientations. ...................................................................................................47
Figure 3.1: Key to chart symbols. The top row shows the MOSFETs used: (a)
Commercial MOSFET, (b) "hard" MOSkin, (c) "soft" MOSkin, (d) "hard" MOSkin
with Si cap. The bottom row shows the angular dependence phantoms and Tip
axes: (e) acrylic cylindrical phantom, (f) solid water breast phantom, (g)
horizontally planar tip angular dependence, (h) verticaly planar tip angular
dependence..............................................................................................................48
Figure 3.2: Temperature response of a non-irradiated commercial MOSFET:
Thermostable current=290±1µA.............................................................................51

- ix -

Figure 3.3: Temperature response of a fully irradiated commercial MOSFET:
Thermostable current≈9±7µA. The horizontal line at 290µA shows the initial
thermostable current prior to irradiation. Notice that the resultant Vth is
significantly dependant on temperature at this Id with a variation of ~11mV/°C (the
higher temperature of 50.5°C was used to observe more clearly the Vth=9±7µA). 51
Figure 3.4: Temperature response of a non-irradiated MOSkin dosimeter: Thermostable
current=38±1µA......................................................................................................53
Figure 3.5: Temperature response of dosimeter in Figure 3.4 after irradiation:
thermostable current=37±1µA. For this dosimeter you will notice that the
thermostable current has shown little significant drift with accumulated dose in
regard to the initial value. .......................................................................................53
Figure 3.6: Sensitivity response of the MOSkin dosimeter when subjected to successive
doses of 50cGy and 2Gy. The blue and red data show successive 50cGy
acquisitions with post irradiation to readout waiting periods of 10sec and 1min
respectively. There is no significant difference in the rate of sensitivity decay
between 10sec and 1min waiting periods for the 50cGy data. The black data shows
2Gy acquisitions with 10sec periods. A slightly shallower rate of sensitivity decay
is observed, although in a more predictable manner with less variation from the
trend. .......................................................................................................................55
Figure 3.7: Linearity of the MOSkin dosimeter for successive 50cGy doses. For
clinically relevant doses the change in threshold voltage of MOSkin can be
assumed to have a linear relationship with respect to dose accumulation for both
the 10sec and 1min post-irradiation waiting periods. As shown in Figure 3.6 the

-x-

1min wait results in lower sensitivity, thus presenting a shallower gradient than the
10sec wait on this linearity plot. .............................................................................56
Figure 3.8: MOSkin energy dependence. The results have been normalized to those
obtained from the 6MV photon exposures (250kV is the allowable limit of this
Orthovoltage machne). As photon energies decrease photoelectric absorption and
low energy electron scatter becomes more dominant resulting in a dose
enhancement effect. ................................................................................................59
Figure 3.9: Change in microMOSFET (TN RDM 502, manufactured by Thomson and
Nielsen, Ottawa, Canada) response with variation of energy as presented in the
literature [36]. The half value layers represent: 75kV (HVL = 2mm Al), 100kV
(HVL = 3.2mm Al), 225kV (HVL = 1.7mm Cu), and Co60 energies normalized to
the response at 6MV. Note the microMOSFET energy dependence is comparable
to that obtained by the MOSkin in Figure 3.8, however the epoxy bulb on the TN
MOSFET acts as an additional filter [48]. ..............................................................59
Figure 3.10: Normalised angular dependence obtained by method 4.4.2.2. The black
data represents the readings taken when the MOSkin sensitive area was facing up,
and the red is when facing down.............................................................................61
Figure 3.11: Normalised angular dependence of the hard MOSkin. The black data
represents the readings taken when the MOSkin sensitive area was facing up, and
the red is when facing down. Note the lack of angular dependence from 90° to
270°, although at a slope due to sensitivity decline as the dosimeter accumulates
dose. ........................................................................................................................63
Figure 3.12: MOSkin back face calibration curve. The first group on the left is the pre
calibration data, with the post calibration in the right group – both at normally

- xi -

incident to the back face (180°) within the acrylic phantom. Given that the decay in
sensitivity has a linear relationship with the change in Vth (refer to Sensitivity
Response results, chapter 3.4) a trend line can be produced between the calibration
groups, the slope of which can be used to correct for the change in sensitivity
(Note: The data “missing” in the middle is the range where angular dependence
experimentation was performed). ...........................................................................64
Figure 3.13: The uncorrected data obtained over the back face of the MOSkin (black)
appeared to be linear, and not dependent on the angle of incident radiation,
however there is a drop from 90°-180°. Using the calibration data from Figure 3.12
a correction can be applied which adjusts for the sensitivity decay. The corrected
result (red) shows that the response around the MOSkin back face only varies by
±2.5%. .....................................................................................................................64
Figure 3.14: Comparison of the hard MOSkin both in the standard (black data, taken
from Figure 3.11) and the free-air (red data) configurations. There is no significant
difference observed between the standard and the “free-air” phantom situations. .65
Figure 3.15: Comparison of angular dependence results from the hard MOSkin (black)
seen previously in Figure 3.13, and the soft MOSkin (red) in the acrylic cylinder
phantom. Notice the similarity of the results, thus the packaging of the hard
MOSkin has had no significant influence on the device angular depndence. .........66
Figure 3.16: Angular dependence of the hard MOSkin in a solid water breast phantom
(red). Upon comparison with results from the acrylic phantom (black) you will
notice that the solid water breast phantom has slightly less total variation of 11%
compared to 16% in the acrylic cylinder. ...............................................................67

- xii -

Figure 3.17: Angles of incident radiation for the tip angular dependence results. The
angles of incidence for the vertically planar measurements can be seen in (a), while
(b) shows the horizontally planar angles as used on the results charts. ..................68
Figure 3.18: Vertically planar tip angular dependence in the cylindrical acrylic phantom.
The angles correspond to those in Figure 3.17a. Two sets of data are represented
here: the black data where the acquisitions proceed from front to back face (0°180°), and the red data that worked from back to front (180°-0°). The difference in
front-back face sensitivity between to two data sets is created due to the sensitivity
decay with dose accumulation (refer to previous sensitivity response results,
chapter 3.4)..............................................................................................................70
Figure 3.19: Horizontally planar tip angular dependence. Two data sets are shown: the
black points showing the original uncorrected data, and the red points showing the
same data but with correction applied to account for the change in sensitivity
response (correction obtained from the sensitivity response results section). When
sensitivity decay is taken into account there is no angular dependence in the
horizontally planar axis...........................................................................................71
Figure 3.20: Sensitivity variation between normally incident photon radiation to the
front (solid line) and back (dashed line) MOSkin face. The red and blue data
represents the soft and hard version MOSkin respectively. Note that the actual
magnitude of the difference between front and back face are very similar for both
versions. ..................................................................................................................73
Figure 3.21: Sensitivity variation between normally incident photon radiation to the
front (solid line) and back (dashed line) MOSkin face. The black and blue data
represents the hard version MOSkin both with the silicon cap and no cap (as per

- xiii -

Figure 3.20) respectively. Note that the application of the silicon wafer has resulted
in eliminating the sensitivity variation (within the limits of variation). .................75
Figure 3.22: Comparison of the mean sensitivity variation or all three MOSkin
configurations. The result is normalized to the face up orientation of the hard
MOSkin (i.e. no cap). Notice the application of the silicon cap has raised the
sensitivity of the back face to meet that of the front. ..............................................75

- xiv -

ABSTRACT

Real time in vivo dosimetry is a major challenge in modern radiotherapy. One
promising candidate for such dosimetry is the metal oxide semiconductor field effect
transistor (MOSFET) dosimeter. The advantage of MOSFET dosimeters is that they
offer real-time dose determination, along with a very small dosimetric volume. At the
Centre for Medical Radiation Physics (CMRP) a new design of the MOSFET dosimeter
called MOSkin, is being developed to measure the dose delivered to the basal layer
(0.07 mm below the skin surface). This thesis discusses pre-clinical characterization of a
new version of the MOSkin dosimeter and optimisation of the operating conditions.

Experiments were carried out to test a number of the characteristics of the dosimeter.
The tests performed were to investigate the temperature response, sensitivity response,
energy dependence and angular dependence of the dose response for the new MOSkin
device. The effect of the packaging surrounding the MOSFET dosimeter in these
properties was also investigated. Two versions of the MOSkin have been studied; one
version was packaged “hard” (set in rigid packaging) and the other “soft” (no rigid
packaging). The reproducibility of MOSkin measured dose was tested by placing a
device at Dmax (15mm) in a block of solid water and acquiring data for multiple
exposures with 10*10cm2 of 6MV photons. Each irradiation was of a set dose, with the
dosimeter readout taken 10sec or 1 min after irradiation. Two phantoms were
constructed, one plano-convex and one cylindrical, to test the angular response with the
dosimeter located at the centre of each phantom. These were used to investigate the
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measured angular response of the dosimeter and the effect of phantom geometry on that
response.
The temperature response tests of the un-irradiated MOSkin found that they have a
thermostable readout current leading to low temperature instability 0.2mV/0C while
sensitivity was 2.5 mV/cGy. In contrast to dual MOSFET dosimeters the single MOSkin
includes built in thermo stabilization, which is independent of accumulated dose.
Sensitivity response of the MOSkin was found to decline at a rate of 1.2% per 3Gy
while creep-up effects were not observed in the MOSkin – waiting 10sec or waiting
1min after irradiation before readout made little difference on measured doses. The
MOSkin sensitivity response like any Si device does depend on photon energy in the kV
range with the response at 75kV producing 4.9 times greater than with 6MV photons.
This is comparable to commercial MOSFET dosimeters described in literature with 4.5
higher than at 6MV for the same energy [33]. The angular dependence produced some
interesting results. The back face of the hard device showed no angular dependence
within ±2.5%, but there was angular dependence with the front face for ±90°. However
the front face has been shown previously to be accurate for surface measurements when
compared to the Attix ionisation chamber [12]. This presents the possibility for use of
the MOSkin dosimeter both for surface and at depth in the current configuration.

The unique MOSkin design is showing to be very promising as a reliable real-time
dosimetry device with the potential capability for many dosimetry applications, in
particular skin dosimetry. Unlike other MOSFET dosimeters, it has been shown that the
MOSkin has been designed to be temperature independent for dosimetry with a single
device, while also having the unique capability of both surface and at depth dosimetry.
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Chapter 1: Introduction & Literature Review
1.1 Radiation Therapy
“Radiation therapy (or radiotherapy) is the medical use of ionising radiation as part of
cancer treatment to control malignant cells (not to be confused with radiology, the use
of radiation in medical imaging and diagnosis)” [1]. With radiotherapy the aim is to
target and deliver maximum damage to the cancer cells while at the same time
delivering minimum damage to the normal healthy tissue. One of the main issues with
the use of radiation for the treatment of cancer is being able to accurately and efficiently
monitor the dose delivered to the patient, not only at the targeted tumour level but also
along the path through the normal tissue both before and after the target. One
particularly difficult region to monitor is the dose delivered to the skin.

Skin dosimetry is important to identify areas that may exhibit unwanted skin reactions.
It is also important to ensure that the targeted areas receive the prescribed dose in order
to prevent recurrence. Most early effects to the skin are caused by radiation damage at
the basal cell level. Early effects can include erythema, desquamation, ulceration, and
necrosis [2], [3]. Erythema is a reddening of the skin associated with doses of greater
than 2Gy. It is a reflection of the severity of basal cell loss around hair follicles. Dry
desquamation indicates a reduction of viable cells in the basal cell layer, while moist
desquamation indicates the loss of a large number of basal cells. Ulceration follows
severe moist desquamation with a loss of the majority of basal layer cells. Finally
dermal necrosis goes beyond the basal cell layer and is caused by damage to the blood
vessels in the dermis [2]. Appropriate skin dosimetry coupled with clever treatment
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planning can aid in predicting and even preventing these effects while delivering
effective and accurate treatments.

The purpose of this thesis is to perform a preliminary investigation into the
characteristics of a new MOSFET dosimeter developed at the CMRP. This dosimeter,
known as MOSkin, has been designed to address the issue of skin dosimetry while
having the capability of presenting real-time (or immediate) results.

1.2 Skin Dose Detection
To achieve an accurate skin dose determination, essentially what is needed is a
dosimeter that is flat and thin enough to determine the dose delivered to the basal layer
of the skin. The basal layer of the epidermis comprises the most radiosensitive epithelial
cells, located at a depth of approximately 0.07mm below the skin surface. While there is
no clear definition of “skin dose” in radiotherapy, the equivalent dose Hp (0.07) is still
accepted as provided in ICRP Publication 59 [4]. As with any form of radiotherapy it is
important to be able to accurately assess the potential early and late effects of the
treatment. Thus such a dosimeter should deliver accurate and reliable dose results at the
required depth, and if possible, it is desirable that the dosimeter is able to deliver
immediate results (real time dosimetry).
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1.3 Current Dosimeters
The current common methods of dose measurement and calibration mainly involve the
use of ion chamber, thermo-luminescent dosimeter (TLD) and film. MOSFET
dosimeters can also be used, although they are not yet as common or widely accepted at
this stage.

1.3.1 Ion chamber
Ionisation chambers are considered the standard for calibration and comparison of
other dosimeter types and are the most common dosimeter type in radiotherapy
departments. They are reliable, accurate and the general principle is well understood
for most clinically relevant applications [3]. There are a few styles of ion chamber
of note that will be mentioned here including cylindrical (eg. Farmer type), parallel
plate (eg. Attix) and extrapolation chambers.

Cylindrical ion chambers have exceptional directional independence, which makes
them ideal for calibration at depth in a phantom, and they are frequently utilised in
the quality assurance testing of a linear accelerator (LINAC). However this
directional independence is for radiation incident perpendicular to the axis, with a
reduction in sensitivity around the tip. In steep dose gradients such as those
encountered in surface measurements, the typical diameter of cylindrical ion
chambers (usually the order of 6mm) makes them too large to allow meaningful
dose measurements. To address this issue, an extrapolation method has been devised
to determine the point of measurement and surface dose which reportedly provides a
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surface dose within ±3% of that obtained with a Markus parallel plate ion chamber
[5].
The parallel plate ionisation chamber is especially good for surface dosimetry.
Unlike the cylindrical chambers, the entrance window of the Attix parallel plate ion
chamber is flat and very thin 4.8mg/cm2 (25 microns) with only 2mm separation
between plates [6][7]. This provides a much more suitable geometry for surface
dosimetry, although at the expense of directional dependence in the case of full
charged particle equilibrium. The Attix chamber has been frequently mentioned in
publications as being used as a standard for comparison when investigating new
surface dosimetry devices and techniques [8], [9], [10], [11], [12]. The advantage of
the Attix chamber over other parallel plate ion chambers is in the large guard ring.
Other chambers, such as the Markus chamber, suffer from an over-response in the
build-up region. This can be corrected by using the Velkley correction [13],
although this does not account for the proximity of the side walls, leading to
incorrect results due to differences in chamber geometries and side-wall electron
contributions [14]. With the application of Rawlinson’s scatter correction [15], the
large guard ring on the Attix chamber reduces over-response due to low energy
electrons to less than 1% [16], [17].

Ideally an extrapolation ion chamber should be used for surface dose measurements.
Extrapolation chambers consist of a pair of electrodes as with other ionisation
chambers, but in this device the position of these electrodes is variable.
Measurements can be taken with the electrodes in multiple positions so the dose can
essentially be extrapolated to zero volume [18], thus eliminating any contribution by
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the side walls [15]. Unfortunately extrapolation chambers are expensive as well as
tedious and time consuming to use [15], so they are not often readily available in
most clinical settings [5], aside from being impossible to use clinically.
Ionization chambers have been shown to be extremely accurate, but there is one
major issue with using ion chambers for in vivo situations such as skin dose – they
require a power supply, which can be in excess of 200V for the ionized charge
collection. This generally precludes their placement in or on patient’s body due to
patient safety issues, thus restricting their use to phantoms.

1.3.2 Film Dosimeter
Film dosimetry is one of the oldest methods of X-ray detection with origins in
imaging. This method of dosimetry still has its place in that film is capable of
revealing a 2D dose map with a very good spatial resolution (in contrast with ion
chambers which only show a point dose). Therefore this method is useful in
radiation dosimetry to observe the dose distribution for treatment or for quality
assurance testing of the dose uniformity provided by a linear accelerator. There are
two main types of film: radiographic and radiochromic.

Radiographic films require careful handling, as they are very sensitive to
environmental conditions. It also requires chemical processing to set the image after
irradiation, adding time and potentially variation if care is not taken with the
development chemicals. For accuracy in processing it is advised that a batch be
processed at the same time [3]. The atomic number of radiographic film depends on
the loading of silver bromide, which is considerably higher than that of tissue or
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water - high atomic number leads to an over response to low energy x-rays [19]. The
energy dependence of the film is also complicated due to the fact that secondary
electrons from low energy x-rays is of the order of 10µm in tissue. This is
comparable to the grain size in the film and may result in a dependence on grain size
and distribution [19]. It is possible to determine surface doses with radiographic film
by using an extrapolation technique, which involves placing a stack of three films on
the surface. From the dose profiles of the three films an extrapolated “skin dose” can
be determined [8], [20]. Radiographic film still has an advantage over radiochromic
film in that it is still a relatively inexpensive alternative for the dosimetry of large
areas [20].

Radiochromic films are rapidly replacing radiographic film; the main reason being
that the radiochromic films are self-developing, i.e. unlike radiographic film there is
no need for chemical processing to develop the film. However it still takes several
hours for the colour change to stabilize sufficiently for reading. Radiochromic film
uses a solid-state polymerisation process to provide the colour change due to
irradiation [3]. The effective depth of measurement of GAFCHROMIC® film is
determined to be 0.153mm [9]. This is larger than the required depth of 0.07mm,
however with the application of an appropriate correction (dependent on field size)
skin dosimetry of 0.07mm (or other depth as specified by the oncologist) can be
achieved [9].
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1.3.3 Thermoluminescent Dosimeter (TLD)
Currently one of the most accepted methods of in vivo dosimetry is the
thermoluminescent dosimeter (TLD). This dosimetric technique has become popular
due to ease of use on the patient and the small physical size of the dosimeter, but
largely due to the lack of a better alternative [21]. In contrast to film dosimeters with
their 2D dose maps, the small physical size of TLDs makes them ideal for
accurately measuring point doses.

TLDs are particularly useful for measuring point doses, given their small size.
Another advantage is that the information gathered can be stored permanently [21],
[10]. However for surface dose measurements with TLDs the thickness of the cover
layer won’t allow one to obtain the dose at a depth of 0.07mm [10], a potential
disadvantage with this being the important depth for a skin dose measurement. To
combat this, a method of extrapolation can be employed. By simultaneously using
several thicknesses of TLD the data collected from each can be drawn on to
extrapolate the dose down to the required depth [22]. Another technique for
measuring skin dose is by using carbon loaded (“black”) TLDs. The advantage of
the black TLDs is the carbon absorbs all light emitted within the TLD, except at the
shallow surface layer [23]. This can be adjusted to suit the required depth of
0.07mm, thus facilitating the measurement of surface doses [3].

In order to achieve greater precision with TLD, very stringent procedures are
required; however these are often not practical for routine dosimetry. Advance
notice is required for sample preparation; frequent calibration is necessary, and
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TLDs are somewhat sensitive to environmental conditions [21]. TLDs also do not
allow immediate readout, and they require a lengthy annealing procedure. This
makes their use time consuming during radiotherapy. Further, the reproducibility of
TLD measurements is not particularly good, leading to the requirement of several
TLDs being irradiated and averaged, thus increasing the resources required [21].

1.3.4 MOSFET Dosimeter
Metal oxide semiconductor field effect transistor (MOSFET) dosimeters are a
relatively new innovation in clinical dosimetry. The idea of MOSFET dosimetry
was first proposed in 1974 by Andrew Holmes-Siedle as a space-charge dosimeter
[24]. Since then MOSFET dosimeters have mainly been applied in space dosimetry
on Earth-orbiting satellites [27]. The main advantage MOSFET dosimeters have
over the other dosimeters is in their ability to perform real time dosimetry, in other
words they can provide immediate results on the delivered dose. The MOSFET can
also have a very thin dosimetric volume (as thin as 1µm in some cases [19]),
providing the possibility of measuring the shallow 0.07mm surface dose by using
appropriate packaging. They can also (as with TLDs) permanently store data.

Using a MOSFET dosimeter involves monitoring the value of the threshold voltage
at which current just begins to flow between the source and the drain. This voltage is
altered when the device is exposed to ionising radiation. Exposure to such radiation
causes electron-hole pairs to form in the oxide layer; for SiO2 the energy for
production of e-h pairs is about 18eV [10]. For p-channel MOSFET dosimeters a
positive bias on a gate during the exposure results in the better charge separation;
with the electrons tending towards the gate and the holes toward the SiO2-Si

-8-

interface as shown in Figure 1.1. The electrons, being significantly faster, escape via
the gate contact while the majority of holes remain at the SiO2-Si interface and are
captured in traps to form a positive thin charge layer [10], [24], [25]. A higher bias
applied during irradiation results in a larger proportion of charges being collected,
thus increasing the sensitivity of the device. However, given the finite life of
MOSFET dosimeters, this higher bias/sensitivity also results in reducing the total
dose able to be recorded before the device is saturated and no longer useful.

Figure 1.1: Mechanism of charge build-up in an insulator under an electric field as shown by
Holmes-Siedle [24]. This represents the metal – oxide – silicon structure of a MOSFET.

The sensitivity of MOSFET dosimeters is largely determined by the oxide thickness
(tox). By electrostatic analysis a prediction of MOSFET ∆Vth response for passive
mode (no bias) can be made by equation (1) and for active mode (bias applied) by
equation (2), where D is the dose and f is the fraction of generated holes that escape
recombination.

(1) ∆Vth ≈ 0.0022 D 0.4 t ox2
(2) ∆Vth = 0.04 Dt ox2 f
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Traditional MOSFET dosimeters have a potential disadvantage in that the gate
threshold voltage varies with temperature for a given current, and this level is
dependent on the dose history of the MOSFET even under readout at the
thermostable point [16]. There are however methods that can be applied to counter
this. The first and most obvious method of temperature dependence compensation is
to ensure that all readings, from calibration to patient dosimetry, are taken at the
same temperature. In a clinical setting this leads to lengthy waiting periods while the
dosimeter reaches thermal equilibrium once placed on the patient. Another method
involves the use of a dual bias dual MOSFET, essentially consisting of 2 identical
MOSFET dosimeters on the one silicon chip, with different gate bias voltages
applied to each MOSFET during irradiation [18], [30], [31]. The difference in the
threshold voltage between the two dosimeters is then used to determine the dose.
This also has the additional advantage of reducing readout variations [31]. However
it should be mentioned that sensitivity of the MOSFET dosimeter is independent of
the temperature during irradiation within a practical range (0°C to 60°C) [28], [32].

Angular independence of the response of the dosimeter can be a potential issue,
especially in the case of IMRT and tomo therapy treatment modalities. In tomo
therapy and IMRT x-ray beamlets are incident from multiple angles in a short space
of time for a single fraction. In the past there has been shown large variations in the
angular dependence of MOSFET dosimeters, as much as 18% from 0° to 180°
(epoxy to flat side respectively) [21]. More recent advances with the Thompson &
Nielson MOSFET dosimeters have improved the design and produced a MOSFET
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dosimeter capable of just 3% to 8% variation from 0° to 180° in the case of full
charge particle equilibrium [31], [33], [34]. This is exceptionally good angular
dependence, however the WED for these dosimeters is 0.89 ± 0.1mm for the epoxy
side and 1.48 ± 0.07mm for the flat side [33]. This high WED makes these
MOSFET dosimeters unsuitable to measure the required 0.07mm for skin dosimetry.
One reason for the angular dependence has been explained due to the geometry of
the device, i.e. the MOSFET is not a cylindrical device so it is very difficult to
produce a MOSFET dosimeter with a response truly independent of the angle of
incident radiation [34].

MOSFET dosimeters have a finite shelf life and can only accumulate absorbed dose
up to a limiting value. Above this the dosimeters can no longer be used or should be
annealed, which is not a clinical practice [35]. MOSFET sensitivity can be adjusted
by the applied bias on the gate during irradiation, however achieving higher
sensitivity by this method results in a shorter useable dose range of the dosimeter
(i.e. lower total accumulated dose before the device is no longer useful) [11]. The
limited lifespan of MOSFET dosimeters can also be an issue when used for low
energy dosimetry since they are known to undergo dose enhancement
(overestimation) as the energy decreases. Since MOSFET dosimeters are not made
of air-equivalent material it is expected that they overestimate the dose at low
energies due to the increasing dominance of photoelectric effects, thus also
significantly reducing their useful total dose range [36], [37].
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Fading – the reduction of trapped charge as a function of time after radiation
exposure – is an issue with MOSFET dosimeters similar to TLD , however this can
be resolved by ensuring consistent time intervals between irradiation and readout
and is not an issue for real time dosimetry [38], [39]. It can also prove to be useful in
facilitating the potential re-use of MOSFET dosimeters as the rate of this fading
(annealing) can be increased at relatively low temperature [40], [41]. Thus by
annealing irradiated dosimeters to their pre-irradiated voltage they could be re-used,
although re-calibration would be required. After annealing, MOSFET sensitivity
during the second irradiation also results in sensitivity less than when the MOSFET
was in the pre-annealed state [40].

1.3.5 New MOSkin Dosimeter
At the Centre for Medical Radiation Physics (CMRP) a new type of MOSFET
dosimeter has been developed, known as the MOSkin. This dosimeter offers realtime dosimetry, built-in temperature compensation, and the ability to measure skin
dose at 0.07mm. The MOSkin incorporates novel technology in packaging and
design to address some of the issues present in traditional MOSFET dosimeters and
improve the quality and efficiency of clinical radiotherapy dosimetry.
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Figure 1.2: Schematic comparison of (a) the commercial MOSFET with epoxy bubble, and (b) the
new MOSkin dosimeter. The MOSFET chip of the MOSkin is positioned below the surface of the
packaging, drastically altering the shape and thickness of the build-up layer. Note the large buildup layer typical of commercial MOSFET dosimeters. The MOSkin build-up layer is of reproducible
thickness capable of presenting a WED of 0.07mm. The MOSkin is connected to the reader and
does not use conventional wire bonded technology.
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1.4 Characteristics Under Investigation
1.4.1 Temperature Dependence
Minimal temperature dependence of any dosimeter, but particularly for in vivo
dosimeters, is desirable to aid in accuracy and time efficiency. If the response of a
dosimeter is dependent on temperature, accurate results can only be obtained by
allowing time for the dosimeter to reach a thermal equilibrium with its environment.

The temperature dependence of the MOSkin was investigated to determine the
extent, if any, of the variation in response to temperature. Both the irradiated and
non-irradiated MOSkin were investigated and compared to the irradiated and nonirradiated commercial MOSFET dosimeter.

1.4.2 Sensitivity Response
Reproducibility is a key component to any dosimetric device in order to facilitate
accuracy and predictability. So long as the readings delivered can be predictably
reproduced, a correction can be applied (if required) to adjust for variations.
MOSFET dosimeters show a slightly non-linear relationship between the delivered
dose and the resulting threshold voltage shift following a saturation characteristic
[24]. This can however be corrected for with knowledge of the dosimeter
characteristics [19].

The sensitivity reproducibility was investigated to provide an idea of the extent of
sensitivity reduction with dose history. It provides insight into not only the rate of
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decline, but also serves as a guide as to the frequency of calibration measurements
required.

1.4.3 Energy Dependence
Ideally a dosimeter’s sensitivity response would produce a flat distribution to a wide
range of energies, however this is not the case for most dosimeters [36]. For
procedures such as low energy clinical treatment in the kV range or diagnostic x-ray
dosimetry MOSFET dosimeters traditionally present a dose enhancement (overestimation) when compared to the MV photon energy response. Given their limited
lifespan it is of interest to determine if these new MOSkin dosimeters exhibit
constant dose sensitivity regardless of energy throughout the course of their useful
lives.

Energy dependence was investigated to provide insight into the response of the
MOSkin dosimeter to a range of low energy photon radiation as compared to the
response due to 6MV photons.

1.4.4 Angular Dependence
An ideal radiation dosimeter will have no angular dependence (i.e. for a given dose
the reading is the same regardless of the angle of incidence). This is particularly
important for treatment techniques such as intensity-modulated radiotherapy
(IMRT) and tomo therapy, where beamlets irradiate from multiple angles of

- 15 -

incidence in a short space of time. A dosimeter that has an angular dependent
sensitivity response will make it very hard to accurately measure the delivered dose.

A method was devised to enable an investigation into the angular dependence of the
MOSkin dosimeter. This was measured not only around a single axis of rotation, but
also two axes encompassing the tip of the dosimeter.

1.4.5 “Flip” Sensitivity Variation
The “flip” variation test provides a similar function as the sensitivity reproducibility,
however it goes further by leading into aspects of angular dependence. The MOSkin
dosimeter has a water equivalent depth (WED) of measurement for radiation
normally incident to the front face of 0.07mm, however for normally incident
radiation on the back face there is a 0.375mm silicon substrate to pass through
before the sensitive volume is reached. The difference in these build-up layers could
produce a variation in sensitivity due to normally incident radiation to either the
front or back face. The “flip” variation test was devised to investigate the possible
sensitivity variation between radiation normally incident to the front and back face
of the MOSkin dosimeter.

1.4.6 Summary of Findings
A number of characteristics were investigated for the MOSkin dosimeter. The
thermostable current was found to be 38 ± 1 µA pre-irradiation, which proved stable
resulting in 37 ± 1 µA after 60 Gy of 6 MV irradiation. For the sensitivity
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investigation, no creep-up effect was observed. For consecutive doses of 50cGy
there was a 3.5 ± 1% reduction in the dosimeter sensitivity response over 9Gy,
however for 2Gy consecutive doses there was only 3 ± 0.25% reduction per 9Gy. As
has been discussed previously in this introduction MOSFET dosimeters present an
over-response in the threshold voltage change when exposed to low energies, and
the MOSkin is no exception. For example, when irradiated by 75kV the MOSkin
over-response is shown to be 4.9 times higher than for a 6MV beam. The MOSkin
dosimeter also shows some angular dependence, which is more pronounced over the
front face of the device. Total axial angular dependence was found to be ~16%,
however when looking only at the back face data (90 % - 270 %) there is only
~2.5%. When irradiating the MOSkin front and back face with an Si cap over the
sensitive area (equivalent thickness to the MOSkin substrate) it was shown that the
total variation could be reduced to acceptable limits. Although this is a very
promising result for further investigation, such a modification would remove the
0.07mm skin dosimetry capabilities of the MOSkin.
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Chapter 2: Materials & Methods
2.1 Materials
2.1.1 MOSFET Dosimeters

Figure 2.1: MOSFET types used. Above each schematic is the corresponding photo. MOSFET (a) is
the commercially available MOSFET dosimeter with the epoxy "bubble" (grey) build-up layer,
while (b) and (c) are the two MOSkin versions with the thin polyamide film (yellow) build-up. Note
that the MOSFET chip (black box) in (b) does not sit on top of the rigid package (white), rather it
uses a unique drop-in window design (hard version) , whereas (c) is an earier version (soft version)
which had no rigid packaging and so required a layer of acrylic glue (blue) to facilitate handling.

Three types of MOSFET dosimeter were used throughout the following
experiments. These consisted of a commercially available MOSFET (RADFET
from REM Oxford) used only in the temperature dependence experiments), as well
as two different versions of the MOSkin dosimeter developed at the CMRP with
physical differences shown in Figure 2.1. From the outset there is an obvious
physical difference in appearance. The commercial RADFET is mounted on a glassepoxy board and consists of a bubble of black epoxy resin encapsulating the sensor
and wire bonding to gold plated pads on PCB carrier. Although the bubble protects
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the dosimeter from damage, it does have the additional side effect of making surface
dosimetry at the required 0.07mm WED impossible.

The new MOSkin is significantly smaller, does not have the epoxy resin bubble over
the dosimeter, and has a white tissue equivalent packaging. Instead of sitting on top
of a board with the epoxy bubble protection the MOSkin utilises a unique drop-in
window design so that the chip sits just below the surface as shown in Figure 2.1b.
(Design, fabrication and application of MOSkin are protected by CMRP patent).
The MOSkin uses a special packaging technology allowing the chip to be
hermetically sealed and provides a reproducible WED of 0.07mm (or whatever
WED is desired) and has shown to produce good depth dose measurements when
compared to Monte Carlo and ion chamber for both 5*5cm2 and 10*10cm2 6MV
photon radiation fields shown in Error! Reference source not found.. This version
will now be referred to as the “hard” MOSkin.

The third MOSFET is a previous version of the MOSkin dosimeter. With this
version there is again no epoxy bubble but also no solid packaging, only the sealed
chip with a flange of film and contacts as shown in Figure 2.1c. A bubble of acrylic
glue was applied to the back of the device (blue bubble in Figure 2.1c) to aid in
protecting the chip, handling and durability. In a paper published by Kwan et al [12]
this version has proven comparable to measurements made with Attix chamber
(which can’t be used in vivo) for measurement of skin dose for various angles of
incidence. For the purpose of the thesis this version will be referred to as the “soft”

MOSkin.

- 19 -

The capped MOSkin used in the “flip” sensitivity variation experiments is simply a
hard version MOSkin dosimeter with a 0.36mm wafer (or cap) of silicon covering
the sensitive volume (front face). This thickness is similar to that of the silicon
substrate in the MOSkin dosimeter (0.375mm). The silicon cap is fastened with
cellophane tape to ensure the cap remains in place when the dosimeter is positioned
in the phantom.

There is another design difference between the MOSkin and the commercial
MOSFET – the MOSkin has incorporated a design parameter to hopefully address
the temperature dependence issue, but first a little theory. In semiconductors, the
current density (J) can be viewed by [41]:

(3) J=X qnµ

Where X is the applied electric field, n is the number of charge carriers, and µ is
the charge carrier mobility. A change in temperature will affect the mobility of holes
in the p-MOSFET channel results in changing of the readout current followed by
changing of the threshold voltage. Mobility of the charge carriers in the channel of
the MOSFET depends on temperature as [41]:

(4) µ ~ T

−3

2
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However, the temperature also has an effect on the number of charge carriers,
resulting in an increase of n as temperature increases. Thus n and µ both are
dependent on temperature, but have opposing effects on the current density. So
when [41]:

(5) nµ ≠ const.(T )

There will be a temperature dependent current. But, if n and µ balance [41]:

(6) nµ = const.(T )

We get what is known as the thermostable current, i.e. the point where the current is
such that the threshold voltage will remain the same regardless of temperature. For
clinical dosimetry this means there should be no need to wait for the device to reach
thermal equilibrium, thus reducing treatment time. There is however another hurdle.

The drain-source current (Id) can be viewed as having the following relationship
[24], [41]:

W 
(7) I d = µ hCox  Vg2 + I L
L
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Where Cox is the oxide capacitance, W and L are the width and length of the gate
respectively, and VG is the gate-source voltage. IL represents the drain-source
leakage current independent of VG. Or alternately in terms of transconductance (gm):

W
(8) g m = 2µ hCox 
L

∆I

VG = D .
∆VG


While the temperature and dose effects are assumed to be independent, i.e. there is
no dose – temperature product term, and the threshold voltage is described by [45]:

(9) VT = VT0 + VTT (T − T0 ) + VTD D

Where D is the dose, VTo is the threshold voltage at T0 and D=0, VTT=∂VT/∂T|T→To,
and VTD=∂VT/∂D|D→0. Thus temperature is only important during readout.

As the MOSFET is exposed to ionizing radiation the hole mobility (µh) and oxide
capacitance (determined by the oxide permittivity and thickness) are altered by the
development of more surface states. The factor by which this will affect the drainsource current can be determined by dosimeter geometry, as (W/L) acts as a
magnification factor. So with a sufficiently low (W/L) the variation in drain current
due to irradiation can be kept to a minimum. In the case of the commercial
MOSFET dosimeter (RadFET) and the MOSkin geometry shown in Figure 2.2:

W 
W 
(10)  
≈ 5* 
 L  MOSFET
 L  MOSkin
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W 
(11)  
= 20 .
 L  MOSkin

Thus, the MOSkin design should provide less temperature instability of the
threshold voltage and almost independent on absorbed dose.

Figure 2.2: Gate structure of the commercial MOSFET (left) and MOSkin (right) dosimeters where
D, G, S represent the drain, gate, and source respectively. The geometry of the MOSkin gate
presents a W/L five times smaller than that of the commercial device. (Design, fabrication and
application of MOSkin dosimetry system are covered by CMRP patent. Using whole or partial
materials of the thesis only by permission).
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2.1.2 Phantoms

Figure 2.3: Illustrations of all three phantom designs used. From left to right they are: acrylic
cylindrical angular dependence phantom, solid water breast phantom, solid water slab phantom.
The top section on each is transparent red to show the channel(s) for dosimeter placement beneath.

Three phantoms were used throughout the course of experimentation: an acrylic
cylindrical phantom, a solid water hemi-cylindrical breast phantom, and a solid
water slab (Figure 2.3).

The cylindrical phantom was machined out of Perspex (PMMA). It consisted of two
hemi-cylindrical halves with a radius of 5cm and a length of 14cm. As shown in
Figure 2.3 a longitudinal channel enabled placement of the dosimeter towards the
centre of the phantom for the axial measurements. Two more channels were cut
upon completion of the axial experiments for the tip angular dependence to facilitate
angular dependence measurements of the MOSkin tip. These channels enable
placement of the MOSkin at the centre of the cylinder perpendicular to the central
axis for the tip angular dependence experiments. An illustration of dosimeter
orientation as it is placed in each channel can be seen in Figure 2.4 below. A “U”
shaped piece of Perspex was used as a stand to hold the phantom steady on the
LINAC treatment couch.
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Figure 2.4: This illustration demonstrates how the MOSkin is positioned in each of the acrylic
angular dependence phantom channels.

The breast phantom was constructed entirely of solid water. The hemi-cylindrical
“breast” has a radius of 7.5cm and sat on a slab containing a channel for placement
of the dosimeter. The slab below the hemi-cylinder had a depth of 15cm to the
treatment couch.

The solid water slab phantom was identical to the slab used below the breast
phantom, however in place of the hemi-cylindrical breast there was another slab of
solid water covering the dosimeter channel. This slab had a depth of 15mm to
provide the standard Dmax situation for easy conversion from monitor units (MU) to
centigray (cGy).
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2.1.3 Photon Radiation Sources

(a)

(b)

Figure 2.5: (a) The Varian 21EX linear accelerator, and (b) the Gulmay DX3300 orthovoltage x-ray
therapy machine at the ICCC.
(a) was used for all sensitivity response, angular dependence, and “flip” sensitivity variation
experiments. It was also used to provide a 6MV reference for the energy dependence experiment.
(b) was used for the energy dependence experiment.

For certain experiments a linear accelerator (LINAC) was required to observe
dosimeter responses due to clinically relevant photon radiation. With the kind
permission and help of the Illawarra Cancer Care Centre (ICCC) staff, a Varian
21EX LINAC (Figure 2.5a) was made available to deliver 6MV photon radiation for
all sensitivity response, angular dependence, and “flip” sensitivity variation
experiments. The depth dose characteristics can be seen in Figure 2.6 for a
10*10cm2 photon radiation field where the depth of maximum dose is shown at
15mm.

The 6MV beam also served as a reference for the energy dependence experiment,
with the remaining energies provided by a Gulmay DX3300 orthovoltage x-ray
therapy machine (Figure 2.5b). Two cones were utilised, a 300mm FSD (focus to
surface distance) with 100mm diameter field for energies up to 150kV, and a
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500mm FSD with 100mm diameter field for the remaining energies. Calibration for
the orthovoltage machine is such that maximum dose will be delivered at the
surface.

2
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Figure 2.6: Percentage Depth Dose (PDD) characteristics of the ICCC Varian 21EX LINAC (using
calibrated ion chamber). Depth of maximum dose (Dmax) is at 15mm.

- 27 -

2.1.4 Other equipment
To measure the temperature dependence a Keithley 230 Programmable Voltage
Source was used as a power supply. This allowed pre-selection of the voltage
supplied to the gate/drain connection of the MOSFET dosimeters to produce an I-V
curve for select temperatures. For each set voltage the resultant current was
displayed using a Keithley 197 Autoranging Microvolt DMM (digital multimeter).
As the name suggests this DMM was capable of µV and µA readout display. The
temperature control unit used was a Heidolph MR 3001 K. this unit contains an
adjustable thermostat control for the hotplate with an electronic temperature probe.
The desired temperature can be set on the probe but only has graduations of 1°C, so
a mercury thermometer with 0.2°C graduations was used in conjunction with the
probe to more accurately determine what the water temperature is at any given time.

The MOSkin dosimeter readings were taken using a Clinical Semiconductor
Dosimetry System (CSDS) developed by the Centre for Medical Radiation Physics
(CMRP) at University of Wollongong (Figure 2.7). The LCD display shows the gate
threshold voltage while providing a readout of drain current. It is microprocessor
controlled to counter effects such as “creep-up”. Two dosimeters can be connected
to each channel, one having high and the other low sensitivity (+12V and +5V bias
respectively). Only the high sensitivity mode was used for all measurements.
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Figure 2.7: The Clinical Semiconductor Dosimetry System developed at the CMRP. This unit is
capable of connecting up to 10 separate dosimeters; 2 dosimeters for each channel with one set for
high and the other for low sensitivity.
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2.2 Temperature Dependence
Traditionally MOSFET dosimeters have inherent temperature dependence, so for a
given drain current (Id) the gate threshold voltage (Vth) will vary depending on the
temperature of the device. This is particularly inconvenient for clinical dosimetry as
once the dosimeter is placed on the patient we must wait for it to reach thermal
equilibrium before taking any readings.

In order to observe the effect temperature has on the I-V response of the MOSFET a
very simple circuit (Figure 2.8) was devised. The Vth is selected with a programmable
voltage source (PVS) with the resulting Id being displayed on the ammeter. However, to
see the response for a selected temperature we must find a way to keep the MOSFET at
a constant temperature.

The MOSFET temperatures were set with a Heidolph MR 3001 K temperature
controller. The temperature dependence set-up is shown in Figure 2.9a, while the
diagram in Figure 2.9b shows how the MOSFET, along with the thermometer probe and
mercury thermometer were situated in a latex sheath and submerged in a beaker of
water placed on the hotplate. The purpose of having all three devices in the same sheath
is to ensure they all have the same thermal interface with the water, thus providing a
more accurate determination of the MOSFET thermal state. The mercury thermometer
was used to more accurately determine the thermal stability as it had smaller
graduations than the temperature probe.
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When setting the temperature the thermostat was set not more than approximately 10ºC20ºC higher than the desired temperature. This caused much slower heating but also
resulted in a more stable temperature for taking measurements. To ensure accurate
results the Vth should be slowly increased to the threshold where a current response is
first observed, and then when taking readings, the time between the change of Vth and
recording of Id should be consistent (approximately 10sec or more is sufficient for
reproducible results).

The temperature response, and thus the thermostable current (where the I-V curves for
all temperatures intersect), was determined for both the commercial MOSFET
dosimeter and the new hard MOSkin dosimeter. However, it is known that the
thermostable current often varies with the irradiation of current MOSFET dosimeters
[28], so the irradiated and non-irradiated state of both dosimeter types was measured to
observe the effect radiation has on the thermostable current.

Figure 2.8: This circuit was used to observe both the commercial MOSFET and the MOSkin I-V
response. At every stable temperature the drain current was recorded for increasing values of gate
threshold voltage.
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Temperature
control set-up
Ammeter
PVS

(a)

(b)

Figure 2.9: (a) Temperature control set-up (without latex sleeve). (b) Note that the probe, mercury
thermometer and MOSkin are in the same sleeve to ensure equal thermal conduction from the
water and thus provide a better indication of the thermal state of the MOSFET in question.
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2.3 MOSkin Sensitivity Response
Over a large dose range the change in threshold gate voltage of a MOSFET dosimeter
displays a non-linear response mostly in a passive mode. The non-linearity arises from
the effect of the growing space charge layer on newly generated holes. The new holes
then feel a repulsive force from this layer as they migrate to the trapping region at the
gate interface [38], thus following a saturation characteristic where the threshold voltage
can be described by equation (12), where D gives the dose, VI is the bias voltage during
irradiation, α and β are constants depending on trapping parameters, oxide thickness,
and the profile and location of the space charge [24].

(

(12) ∆Vth = αV I 1 − e − βD

)

This has the effect of reducing the sensitivity, as a higher charge is accumulated with
more dose history, i.e. the change in threshold voltage per unit of dose tends to drop
with accumulated dose history. This however can be easily corrected for when the
dosimeter characteristics are known [19]. Along with this is what is known as the
“creep-up” effect where the threshold voltage can be slightly variable within several mV
depending on the time between successive readouts [21]. For this reason it is generally
viewed as good practice to wait 1-2min between each successive reading with current
MOSFET dosimeters. This will reduce “creep-up” effect to an acceptable level and
result in repeatable dose measurements within 1%, although this is not relevant to real
time dosimetry mode.
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2.3.1 Post-Irradiation Readout Time Interval
The first experiment was designed to make a comparison of the sensitivity
reproducibility with different post-irradiation readout time intervals. To do this a
MOSkin was placed in the normal face up orientation at Dmax (15mm) in solid water
with 15cm of solid water below. This depth was chosen as it is in a fairly stable dose
gradient, along with providing an easy conversion from monitor units to dose (cGy).
The first MOSkin was subjected to normally incident 10*10cm field of 6MV photon
radiation by a Varian 21EX LINAC in successive doses of 50MU. After each
acquisition there was a 10sec post-irradiation wait before taking a reading. A second
MOSkin was subjected to the same procedure, however with a 1min post-irradiation
wait before taking a reading.

2.3.2 Useable Dose Range
A third MOSkin was once again subjected to normally incident radiation in the same
manner as above, but this time it was in successive doses of 200MU (2Gy). As with
the first dosimeter of method 2.3.1, there was a 10sec post-irradiation wait before
taking a reading. The higher dose was used to enable exposing the device to the
limit of the set-up within a reasonable time frame. This provides an indication of the
usable dose range of the MOSkin dosimeter with the equipment used, as well as
providing some insight into how higher doses affect the MOSkin sensitivity
response.
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2.4 Energy Dependence
The basic principal with using a MOSFET dosimeter involves monitoring the threshold
voltage that just allows current to flow between the source and the drain, which is
altered when the device is exposed to ionising radiation. This threshold voltage is
proportional to the number of trapped holes in the MOSFET, and therefore the dose
deposited in the device. An ideal dosimeter would have a response independent of the
various sources of photon energies. As is typical of most dosimeters, dose enhancement
(dose overestimation) of decreasing photon energies in water is due to the increasing
dominance of photoelectric absorption. As the incident photon energy decreases from
150keV to 10keV an increase in the sensitivity of silicon devices is observed, and
MOSFET dosimeters are no exception [36], [42].

To investigate the energy dependence of the hard version MOSkin dosimeter the low
energy exposures were compared to the response by 6MV photons. This benchmark was
decided on as the performance of the MOSkin has been shown previously to follow very
closely to Monte Carlo and ion chamber when exposed to 6MV photons [44], [12]. The
MOSkin was initially exposed to three consecutive 50MU doses of 6MV photon
radiation by a Varian 21EX LINAC with a 10*10cm2 field. The MOSkin was placed at
Dmax (15mm) in solid water, with 15cm of solid water below. The beam was delivered
at normal incidence to the front face of the MOSkin. This process was repeated under
the same conditions upon completion of all the low energy exposures.

After the first set of 6MV exposures, the MOSkin was exposed to various low energies.
A Gulmay DX3300 orthovoltage x-ray therapy machine delivered the kV energies.
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Since this machine is calibrated to deliver maximum dose at the surface, the MOSkin
was placed on the surface of a 15cm deep slab of solid water. A cone of 100mm
diameter at 300mm FSD was used in all kV exposures for energies of 50kV (HVL =
1.4mm Al), 75kV (HVL = 2.3mm Al), 100kV (HVL = 3.5mm Al), 125kV (HVL =
8.8mm Al), and 150kV (HVL = 0.7mm Cu). For energies of 200kV (HVL = 1.5mm Al),
and 250kV (HVL = 2.3mm Cu) a cone of 100mm at 500mm FSD was required.
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2.5 Angular Dependence

Figure 2.10: Three axes of gantry rotation in relation to the MOSkin. The green represents the axial
rotation, with measurements taken over the full 360°°. The others are the tip angular dependence,
with blue defined as “horizontally planar”, and the red as “vertically planar”.

Since they are not cylindrical devices, a common characteristic with most MOSFET
dosimeters is that they have some degree of angular dependence [34] i.e. the dose
recorded can vary depending on the angle of the incident radiation with respect to the
orientation of the dosimeter. This can make it difficult to use these dosimeters in a
situation where the angle of incident radiation (in relation to dosimeter orientation) is
not certain.

Angular dependence about the three major axes is especially important for in vivo use of
the MOSkin where the precise angle of the incident radiation in relation to the MOSkin
may not be accurately known. To examine this, the three axes of rotation were defined
and investigated (Figure 2.10). The bulk of this section focuses on the axial rotation.
This initially shows the importance of the readout method, as well as the effect of
different phantom material and geometry. Following the axial method is the vertically
and horizontally planar tip angular dependence, which will be defined in their respective
sections.
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In order to determine the angular dependence of the MOSkin dosimeter an acrylic
cylindrical phantom was constructed as shown in Figure 2.11a (for a full description
refer to Materials & Methods chapter 2.1.2). The phantom is placed on the treatment
couch of a Varian 21EX linear accelerator with the MOSkin in the channel towards the
centre of the cylinder, and then using alignment LASERs the MOSkin is adjusted to
isocentre. This ensures that the radiation delivered to the MOSkin passes through the
same depth of acrylic and administers the same dose (within LINAC calibration
tolerance) regardless of angle of beam incidence. Using this apparatus a number of
methods were employed to investigate an angular dependence in the three major axes of
rotation.

(a)

(b)

Figure 2.11: (a) The acrylic cylindrical phantom set-up for axial angular dependence
measurements. The wire leads to the MOSkin situated inside the phantom. (b) Diagram of acrylic
phantom showing both halves and internal channel for the MOSkin.
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2.5.1 Axial Angular Dependence

Figure 2.12: Angles of incident radiation with respect to the MOSkin dosimeter orientation for
axial angular dependence measurements. Note that the centre of rotation is aligned with the
surface, as the sensitive area is only 0.07mm below the front face.

Acrylic Cylindrical Phantom
2.5.1a: The MOSkin was placed in an acrylic cylindrical phantom and placed on the
LINAC treatment couch at the ICCC as shown previously in Figure 2.11a. A
5mm coating of acrylic glue was applied to the front face to ensure no air gap,
also to prevent the tracks on the front face from lifting. Using photon radiation
supplied by a Varian 21EX LINAC with a 5*5cm2 field (chosen due to phantom
geometry), exposures took place at every 15° over the top 180° by way of gantry
rotation. A single exposure was performed at each angle for one pass of the
gantry, and then repeated for two more passes (for a total of three exposures per
angle), starting where previously stopped as shown in Figure 2.13. Readings
were taken 5sec after each exposure. The phantom was then rolled over so that
the MOSkin is now facing down and the process was repeated. The MOSkin has
essentially received photon radiation from a full 360° range of incident angles.
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Figure 2.13: The path of gantry rotation over the acrylic phantom. A single exposure was delivered
at each angle for each pass of the gantry for a total of three passes, as indicated by the arced
arrows. Later experiments consisted of a single gantry pass with all exposures delivered at each
angle before moving to the next.

2.5.1b: Due to time restrictions the exposures occurred at every 30° instead of 15°
for the remainder experiments. For this experiment a number of exposures
(three) were delivered consecutively at each angle then rotate to the next so there
is only a single pass of the gantry over the phantom. This will minimise any
variation at each angle due to sensitivity reduction with accumulated dose
history, along with eliminating any gantry positioning errors between exposures
at each angle. Readings were taken immediately prior to and then 10sec after
each irradiation (timed by stopwatch) with a CS Dosimetry System. To irradiate
the other side of the dosimeter the whole phantom was rolled over and then the
procedure repeated.
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Acrylic Phantom In “Free-Air”
2.5.1c: There were concerns that the 5cm radius on the cylindrical phantom could
possibly be insufficient to filter any low energy scatter from the treatment couch
(a tennis racquet type carbon grid with Mylar overlay). In order to test this
potential issue a “free-air” angular dependence measurement was devised. Note:
this is the acrylic phantom in free-air as shown in Figure 2.14. The MOSkin is
not simply floating in free air geometry! The readings were taken as per method
2.5.1b above. One end of the phantom was situated on the edge of the treatment
couch with the other end being supported by solid water. This essentially meant
the phantom was suspended in free-air with no interference by the treatment
couch.

Figure 2.14: Acrylic cylinder phantom in "free-air" configuration (phantom in free-air not just the
dosimeter). Note: no treatment table beneath phantom is within the beam path.

“Soft” vs. “Hard” MOSkin in Acrylic Phantom
2.5.1d: For comparison the experiment was repeated from method 2.5.1b, however
using the soft version of the MOSkin dosimeter. Due to the fragility of the soft
MOSkin it was encased in acrylic to provide some rigidity and physical
durability for handling and placement. The purpose of performing this
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experiment is to investigate the possibility that the hard MOSkin rigid packaging
could be influencing the angular dependence.

Solid Water Phantom
2.5.1e: Once again the experiment was performed like method 2.5.1b (with the hard
MOSkin), however this time a plano-convex solid water breast angular
dependence phantom was used, shown in Figure 2.15 (refer to Materials
described in chapter 2.1.2). This phantom had been previously manufactured for
another purpose and enables investigation in a different phantom geometry and
material. The convex “breast” and the slab underneath were both made of solid
water, with the radius of the breast being 7.5cm. This is larger than the 5cm
radius of the acrylic phantom, however when normalised to their respective
means the results should be comparable. Since this phantom is not a full cylinder
the geometry unfortunately prevents irradiation at ±90° from normal incidence.

Figure 2.15: The plano-convex solid water breast angular dependence phantom. The MOSkin sits
recessed in the slab in the dosimeter channel (white) towards the centre of the solid water breast
phantom (transparent red). The breast phantom has a radius of 7.5cm, while the slab (brown) is
15cm thick.
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2.5.2 Tip Angular Dependence

(a)

(b)

Figure 2.16: The vertically planar axis (a) of rotation about the MOSkin tip started with the beam
normally incident to the front face (0°°), proceeded over the tip, to normally incident to the back
face (180°°). The horizontally planar axis (b) proceeded from one side of the MOSkin to the other
around the edge.

In order to measure the tip angular dependence a modification was made to the
acrylic cylindrical phantom used for the axial angular dependence experiments. Two
channels were cut into the flat of the two halves from the side as seen in Figure 2.17,
one intersecting with the current axial channel for the vertically planar
measurements, and another near the other end of the cylinder for the horizontally
planar measurements.
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Figure 2.17: Additional channels for tip angular dependence measurements from the side of the
cylinder. Both channels are equidistant from their respective cylinder ends. Channel (1) was for the
previous axial measurements, with channel (2) for vertically planar tip, and channel (3) for
horizontally planar tip measurements. Unused channels were filled with wax to remove air gap.

Vertically Planar MOSkin Tip
2.5.2a: Channel (2) shown in Figure 2.17 of the acrylic phantom was used to
measure the vertically planar tip angular dependence. The cylinder was situated
so that the channels for tip measurements were positioned vertically with the
opening towards the treatment couch so that the tip of the MOSkin was facing up
and the cable exited from beneath. Measurements were performed as per method
2.5.1b (with acrylic coating) i.e. with three exposures at each angle for every
30°, although only over the range of 0°-180° from front face to back as shown in
Figure 2.16a.

Horizontally Planar MOSkin Tip
2.5.2b: For the horizontally planar (Figure 2.16b) tip angular dependence
measurements channel (3) was used as in Figure 2.17. This presented only the
edge of the MOSkin to the beam at all angles. Once again the acrylic coating was
applied to ensure no air gap with measurements performed as per above.
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2.6 “Flip” Sensitivity Variation
Incorporated into the MOSkin dosimeter package design is a unique “drop-in” window.
Essentially this means that unlike most current commercial MOSFET dosimeters the
dosimeter itself is not simply situated on top of a board, but rather a window has been
cut in the package for the dosimeter to be “dropped-in”. With this drop-in design,
coupled with a novel reproducible replacement for the epoxy bubble seen in other
MOSFET dosimeters, there is no longer any interference on the back face as a result of
the packaging and non-reproducible epoxy bubble on top of the MOSFET sensitive
volume.

The sensitive volume is located at 0.07mm water equivalent depth (WED) on the front
face of the dosimeter with a 0.375mm thick silicon substrate. Given the very small
WED for radiation incident to the front face, as compared to that presented by the back
face, the “flip” sensitivity variation test was devised to observe how this would affect
the sensitivity.

2.6.1 Soft vs. Hard MOSkin
The aim of this test was to compare the flip sensitivity variation for both the soft and
hard MOSkin versions, i.e. compare the sensitivity response due to normally
incident radiation on the front face to that of the back face. The hard MOSkin was
placed in solid water at Dmax (15mm depth in solid water) with a 15cm slab of solid
water below, as with the sensitivity response experiments. This provides an easy
conversion from MU to cGy, as well as not being in a high dose gradient region.
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The MOSkin was then irradiated with multiple successive doses of 25, 50, and
100MU. Irradiations were carried out using a Varian 21EX LINAC with a 10*10cm
6MV photon radiation field employed. Care was taken to ensure that the MOSkin
was read immediately before and 10sec after (timed by stopwatch) each acquisition.
This was repeated both for the “up” and “down” MOSkin orientations as shown in
Figure 2.18. These measurements were repeated under the same conditions using the
soft version MOSkin (for device description refer to Materials chapter 2.1.1)

Figure 2.18: MOSkin “up” (beam incident to front face) and “down” (beam incident to back face)
orientations for the “flip” test (0°° and 180°° respectively by axial angular dependence coordinates as
shown in method 2.5). The incident radiation originates from directly above in both cases.

2.6.2 Hard MOSkin With Si Cap
In method 2.6.1 above, both the soft and hard version MOSkin was compared for
sensitivity variation between the front and back face. Following this, the question
was raised as to how a small silicon wafer (of comparable thickness to the MOSkin
substrate) placed over the sensitive area would affect sensitivity variation,
effectively presenting the same thickness of silicon on both faces. To test this a hard
version MOSkin was placed at Dmax in solid water under the same conditions, only
this time a small 0.36mm wafer of silicon was fastened to the front face. This silicon

- 46 -

wafer (or cap) covered the entire sensitive area of the front face as shown in Figure
2.19, ensuring the black region where the MOSkin “up” arrow points, as shown
previously in Figure 2.18, was completely covered. Measurements were then taken
as per method 2.6.1. Note this modification would negate the skin dosimetry
capabilities of this device, however it would present the possibility of a version for
use at depth with insignificant angular dependence.

Figure 2.19: MOSkin with 0.36mm silicon wafer (Si cap) over the sensitive area. Notice it covers the
entire sensitive area and remains on the front face for both the up and down orientations.
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Chapter 3: Results & Discussion
3.1 Chart Key
In an effort to make the charts more meaningful a simple “key” is employed. This
involves the placement of a symbol (or number of symbols) to show the MOSFET
dosimeter used, which (if any) phantoms are used, and which axis has been used (only
on Tip angular dependence charts). This quick reference, shown in Figure 3.1, will help
reduce the need to flick back and forth to work out what each chart is referring to.

Figure 3.1: Key to chart symbols. The top row shows the MOSFETs used: (a) Commercial
MOSFET, (b) "hard" MOSkin, (c) "soft" MOSkin, (d) "hard" MOSkin with Si cap. The bottom
row shows the angular dependence phantoms and Tip axes: (e) acrylic cylindrical phantom, (f)
solid water breast phantom, (g) horizontally planar tip angular dependence, (h) verticaly planar tip
angular dependence.
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3.2 Temperature Dependence
Tests were performed to observe the temperature dependence of both the MOSkin and a
commercial MOSFET dosimeter. For each dosimeter type both the irradiated and nonirradiated states were measured in order to observe the effects of radiation. This is then
used to compare the thermostable currents of the commercial MOSFET dosimeter to
that of the MOSkin, along with any shift in this point as a result of irradiation.

3.2.1 Commercial MOSFET Temperature Dependence:
For the commercial MOSFET the thermostable current performed as is traditionally
understood; this dosimeter showed a shift in thermostable current due to dose
history.

In Figure 3.2 you can see the I-V curves for the commercial MOSFET dosimeter
over a range of different stable temperature settings. The thermostable current is the
point where the I-V curves for all various temperatures intersect, in this unirradiated situation being at 290±1µA. Ideally this should remain constant.
However, looking at Figure 3.3 you can see that after exposure to radiation the
thermostable current is no longer at 290µA. For the fully irradiated state of the
commercial MOSFET dosimeter the thermostable current drops significantly to

≈9±7µA. This is in agreement with what is discussed in the literature [28] and poses
a problem for MOSFET dosimeter readers to provide accurate results with a single
dosimeter. For the irradiated commercial MOSFET in Figure 3.3 a line has been
placed to show the initial (un-irradiated state) thermostable current of 290µA, along
with vertical drop lines showing the resultant Vth as this current intersects the I-V
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curves for different temperatures. This illustrates the extent of variation caused by a
change in temperature. For this commercial MOSFET dosimeter the variation is in
the order of ~10±2mV/°C when fully irradiated and used at the initial 290µA
thermostable current. Without strict temperature control of the device this could lead
to significant margins of error in dose determination. For example, say the
sensitivity of this device is 2.5mV/cGy, if there is just a 5°C difference in
temperature (perhaps someone handled the device) the dose readout could be out by
up to 20cGy when near the fully irradiated state e.g. for a clinically relevant dose
fraction of 2Gy there would be a 10% error due to temperature at this point in the
MOSFET’s life, and simple systematic handling errors could compound this.

A number of methods can be employed to combat this temperature dependence; the
obvious being to ensure the MOSFET is at the exact same temperature in calibration
as treatment. Another method employed by the CMRP Clinical Semiconductor
Dosimetry System is to use a Id=160µA, which lies between both extremes in an
effort to minimise any possible variation. However the most popular method
discussed in the literature for combating this problem includes the use of 2 identical
MOSFET dosimeters running at different bias voltages during exposure to eliminate
temperature dependence [18], [28], [34]. With this method the difference is used to
present a temperature independent response.
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Temperature Response - Commercial MOSFET - Not Irradiated
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Figure 3.2: Temperature response of a non-irradiated commercial MOSFET: Thermostable
current=290±
±1µ
µA
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Figure 3.3: Temperature response of a fully irradiated commercial MOSFET: Thermostable
current≈
≈9±
±7µ
µA. The horizontal line at 290µ
µA shows the initial thermostable current prior to
irradiation. Notice that the resultant Vth is significantly dependant on temperature at this Id with a
variation of ~11mV/°°C (the higher temperature of 50.5°°C was used to observe more clearly the
Vth=9±
±7µ
µA).
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3.2.2 MOSkin Temperature Dependence:
The MOSkin dosimeter also performed as expected, however not in the traditionally
understood manner, but rather by meeting the expectations of the dosimeter design.

The chart in Figure 3.4 shows the I-V curves for the MOSkin over a range of stable
temperature settings. The thermostable current for this unit is shown to be 38±1µA
with temperature instability of ±0.2mV/°C.

This MOSkin dosimeter was then delivered a dose of 62.5Gy at Dmax in solid water
with 6MV photon radiation from a Varian 21EX linear accelerator. The postirradiation temperature dependence shown in Figure 3.5 shows the thermostable
current at 37±1µA. This shows little to no drift from the pre-irradiation thermostable
current (within error limits) and demonstrates the effectiveness of the in-built (by
device design) temperature compensation of the MOSkin dosimeter, which is
independent of accumulated dose. Using a reader calibrated to use the correct drain
current the single MOSkin dosimeter is potentially temperature independent, unlike
previous MOSFET dosimeters, thus negating the requirement of waiting for the
patient-dosimeter thermal equilibrium, and also presenting the possibility of smaller
dosimeters since there is no need for a dual device. This will be particularly useful
in situations such as in vivo dosimetry via urethral catheter, given the small volume
available.
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100
23.6°C
33.5°C
39.2°C
44.3°C

Ids (µA)

80
60
40

38µA

20
0
8.0

9.0

10.0

11.0

12.0

13.0

Vth (V)

Figure 3.4: Temperature response of a non-irradiated MOSkin dosimeter: Thermostable
current=38±1µ
µA
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Figure 3.5: Temperature response of dosimeter in Figure 3.4 after irradiation: thermostable
current=37±1µ
µA. For this dosimeter you will notice that the thermostable current has shown little
significant drift with accumulated dose in regard to the initial value.
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3.3 Sensitivity Response
3.3.1 Post-Irradiation Readout Time Interval
The sensitivity reproducibility results for all three methods can be seen in Figure
3.6. Looking at the 50cGy per fraction curves you will notice that although the
apparent sensitivity is lower for the 1min post-irradiation wait, the rate at which the
sensitivity decays due to the change in gate threshold voltage remains the same as
for the 10sec wait. It is important to note that while the sensitivity does decay with
additional dose it does decay in a predictable linear fashion with respect to the
change in gate threshold voltage. For the 50cGy doses this occurs at a rate of
~3.5±1% over 9Gy, so periodic calibration should be performed, with the frequency
of these calibrations being determined by the required level of accuracy. This can be
further shown by the MOSkin linearity over 3Gy shown in Figure 3.7. Thus for
clinically relevant dose ranges the MOSkin can be assumed to have a linear
response.

The “creep-up” effect is known to cause a rise in the threshold voltage for each
successive dose with short time intervals between successive read cycles. With the
low dose and short beam time required for the 50cGy per fraction procedure, if there
were any evidence of “creep-up”, the 10sec wait would show a different rate of
sensitivity decline compared with the 1min wait. In the results shown in Figure 3.6
there is no significant difference, indicating that, with the equipment used, any
“creep-up” effects are negligible. This was to be expected, as the CMRP clinical
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MOSFET reader used employs a microprocessor-controlled function to counter such
effects.

Sesitivity Response - MOSkin at Dmax (15mm)
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Figure 3.6: Sensitivity response of the MOSkin dosimeter when subjected to successive doses of
50cGy and 2Gy. The blue and red data show successive 50cGy acquisitions with post irradiation to
readout waiting periods of 10sec and 1min respectively. There is no significant difference in the rate
of sensitivity decay between 10sec and 1min waiting periods for the 50cGy data. The black data
shows 2Gy acquisitions with 10sec periods. A slightly shallower rate of sensitivity decay is observed,
although in a more predictable manner with less variation from the trend.
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Linearity - MOSkin at Dmax
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Figure 3.7: Linearity of the MOSkin dosimeter for successive 50cGy doses. For clinically relevant
doses the change in threshold voltage of MOSkin can be assumed to have a linear relationship with
respect to dose accumulation for both the 10sec and 1min post-irradiation waiting periods. As
shown in Figure 3.6 the 1min wait results in lower sensitivity, thus presenting a shallower gradient
than the 10sec wait on this linearity plot.

3.3.2 Usable Dose Range
The third data set in Figure 3.6 (black) employed the 10sec post-irradiation waiting
period once again, since there was no need for a 1min wait as discussed above.
Consecutive doses of 2Gy per fraction were applied with the MOSkin at Dmax in
solid water. With the equipment used, the MOSkin was capable of reading up to an
accumulated dose range of ~62.5Gy before presenting an “NA” reponse. However
the linear trend as seen in Figure 3.6 did not deviate as this limit was approached, so
for this experiment no observable saturation point is shown. There are two possible
explanations for this situation: with the final 2Gy exposure, the saturation limit of
the MOSkin was surpassed and the dose limit of this device lies between 60.5 and
62.5Gy when subjected to consecutive 2Gy doses; or this indicates that the MOSkin
itself was not necessarily reaching its saturation point but rather the MOSFET

- 56 -

reader had reached the limit of its capability to display the gate threshold voltage.
Thus the MOSkin dosimeter has the potential for having a useful dose range of
greater than 62.5Gy, but has shown to be useful for at least 60Gy. Further
investigation would be required to present a definite upper dose limit for the
MOSkin dosimeter.

A noticeable aspect of the 2Gy data in Figure 3.6 is that upon comparison with the
50cGy acquisitions, the decline in sensitivity occurs at a slightly slower rate with
respect to gate threshold voltage change. Along with this is that there is noticeably
less deviation from the trend. Where the 50cGy doses presented a sensitivity decay
of ~3.5±1% over 9Gy, the 2Gy doses showed ~3±0.25% reduction over 9Gy. Thus
we can say that the MOSkin dosimeter does have a small dose dependence, at least
in the low dose range, while the higher doses can present a more predictable dose
determination. That said, for clinically relevant doses of say 2Gy the sensitivity
decay amounts to ~1% or better with both the 50cGy and 2Gy doses.
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3.4 Energy Dependence
Ideally a radiation dosimeter should have a flat distribution to various source of photon
energies, however MOSFET dosimeters (as with most dosimeters [36]) have been
shown to exhibit a certain amount of energy dependence. The MOSkin dosimeter is no
exception.

The results of the MOSkin energy dependence experiment are shown in Figure 3.8 and
have been normalised to their response under 6MV photon radiation. Like other
MOSFET dosimeters throughout the literature the MOSkin showed considerable dose
enhancement at the low energy range with a 50kV response of 5.1 times greater than
when exposed to 6MV photon radiation. As explained earlier this is due to increasing
dominance of photoelectric effects as energy decreases. However, when the MOSkin
results are compared to the microMOSFET results published by R. Ramaseshan et al
[33] in Figure 3.9 you will notice that the two devices have a very similar response,
although with the microMOSFET having slightly less dose enhancement at low energy
with a front face (epoxy side) 75kV response of ~4.25 times higher response than with
6MV photons compared to 4.9 for the MOSkin. This also agrees with the simulated data
pulished by Wang et al [46], [47]. What must be noted is a major difference between the
MOSkin and the microMOSFET in that the MOSkin has a very thin build-up layer to
facilitate surface dosimetry, where the microMOSFET has a bubble of epoxy over the
sensitive area. This epoxy bubble acts as an additional filter to help minimise build-up
effects [43], thus it is not unexpected for the MOSkin to have a higher response at low
energy.
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Energy Dependence - Hard MOSkin
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Figure 3.8: MOSkin energy dependence. The results have been normalized to those obtained from
the 6MV photon exposures (250kV is the allowable limit of this Orthovoltage machne). As photon
energies decrease photoelectric absorption and low energy electron scatter becomes more dominant
resulting in a dose enhancement effect.

Figure 3.9: Change in microMOSFET (TN RDM 502, manufactured by Thomson and Nielsen,
Ottawa, Canada) response with variation of energy as presented in the literature [33]. The half
value layers represent: 75kV (HVL = 2mm Al), 100kV (HVL = 3.2mm Al), 225kV (HVL = 1.7mm
Cu), and Co60 energies normalized to the response at 6MV. Note the microMOSFET energy
dependence is comparable to that obtained by the MOSkin in Figure 3.8, however the epoxy bulb
on the TN MOSFET acts as an additional filter [43].
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3.5 Angular Dependence
3.5.1 Axial Angular Dependence
Acrylic Phantom
3.5.1a: Firstly, note in Figure 3.10 the symmetric distribution in response with
irradiation about the MOSkin axis. Of particular interest is the red data points
recorded from the back face of the dosimeter. For the most part there is no
angular dependence observed on the back face, and only ~±2.5% total variation
(excluding error bars). The exception to this is at 90° and 270° where a jump in
sensitivity is observed. In contrast to this, the black data recorded from the front
face displays a considerable angular dependence with a variation of ~12% from
0° to ±90°. This front face variation takes a sinusoidal distribution, which could
potentially be used for correction, however precise knowledge of the MOSkin
orientation would be required to take advantage of this, making such a
correction method currently unsuitable for practical use in clinical situations of
electronic equilibrium (i.e. at depth) for the MOSkin front face.

Unfortunately there is a large variation in the readings taken at each incident
angle. That said the data recorded around the back face has error bars of ±2.5%
or better, in contrast to the front face data with errors ranging from ±1% to ±5%.
There are two possible contributors to this variation: the sequence of beam
exposures, and inconsistency with the post-irradiation readout time interval. As
with most other MOSFET dosimeters the MOSkin shows a slight decline in
sensitivity response with accumulated dose (shown previously in the Sensitivity
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Response results, chapter 3.4). So due to this sensitivity decay, each pass over
the dosimeter will produce a slightly lower response at each corresponding angle
than the previous pass. Since there is currently no calibration data for each
individual angle and the MOSkin response is dependant on the angle of incident
radiation, a correction cannot be applied without making certain assumptions
about the behaviour of the device. The slope observed in the red back face data
from 105°-255° can also be attributed to the sensitivity decay. Consistent post
irradiation readout time intervals will also aid in the reduction of errors.

Angular Dependence - Hard MOSkin in Acrylic Phantom
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Figure 3.10: Normalised angular dependence obtained by method 4.4.2.2. The black data
represents the readings taken when the MOSkin sensitive area was facing up, and the red is when
facing down.

3.5.1b: Due to time constraints the remaining angular dependence results only have
data points for every 30° rather than the 15° increments in the previous method.
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Readings for this experiment were taken with the post irradiation wait now
10sec (timed by stopwatch), with the total number of exposures delivered
consecutively at each angle (3*50MU) before moving on to the next. This has
resulted in the first and most obvious observation with the error at each point
being noticeably smaller at ~±3% or better over the entire 360°, as can be seen
in Figure 3.11.

It is not as immediately obvious, but once again the back face of the MOSkin has
shown the same trend as that seen in Figure 3.10. The red back face data in
Figure 3.11 shows only ~±2% variation and no angular dependence. The black
front face data still shows a significant angular dependence, although with a
smaller variation of 10% from 0° to ±90°.

Given the potential for an angular independent response from 90° - 270° around
the MOSkin back face, a calibration was taken immediately prior to and upon
completion of the back face measurements at 180° (normally incident) with the
MOSkin in the acrylic phantom. It has been shown previously in the Sensitivity
Response results (chapter 3.4) that the MOSkin presents a linear decline in
sensitivity with respect to gate threshold voltage change, so the responses of
both pre and post calibration data were plotted against the threshold voltage in
Figure 3.12 with a trend line between the groups. The equation of this line was
used to apply a correction factor to the original back face data to account for
sensitivity decline. A comparison of both the original and corrected data can be
seen in Figure 3.13. Using this data you can see that the slope has been
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eliminated and the back face response of the MOSkin is indeed independent of
the angle of incident radiation, with a variation of better than ±2.5%. This
presents a unique capability over other MOSFET dosimeters; the MOSkin in its
current configuration can be used for surface dosimetry [12] with radiation
incident to the front face, however it can also be used for internal dosimetry at
electronic equilibrium by way of radiation normally incident to the back face.

Angular Dependence - Hard MOSkin in Acrylic Phantom
0o = normally incident to front face
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Figure 3.11: Normalised angular dependence of the hard MOSkin. The black data represents the
readings taken when the MOSkin sensitive area was facing up, and the red is when facing down.
Note the lack of angular dependence from 90°° to 270°°, although at a slope due to sensitivity decline
as the dosimeter accumulates dose.
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Calibration - MOSkin Back Face (180°) in Acrylic Phantom

Response (mV/MU)

2.5
2.0
1.5
y = -0.0346x + 2.5019
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Figure 3.12: MOSkin back face calibration curve. The first group on the left is the pre calibration
data, with the post calibration in the right group – both at normally incident to the back face (180°°)
within the acrylic phantom. Given that the decay in sensitivity has a linear relationship with the
change in Vth (refer to Sensitivity Response results, chapter 3.4) a trend line can be produced
between the calibration groups, the slope of which can be used to correct for the change in
sensitivity (Note: The data “missing” in the middle is the range where angular dependence
experimentation was performed).

Angular Dependence - Hard MOSkin in Acrylic Phantom (Back Face)
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Figure 3.13: The uncorrected data obtained over the back face of the MOSkin (black) appeared to
be linear, and not dependent on the angle of incident radiation, however there is a drop from 90°°180°°. Using the calibration data from Figure 3.12 a correction can be applied which adjusts for the
sensitivity decay. The corrected result (red) shows that the response around the MOSkin back face
only varies by ±2.5%.
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Acrylic Phantom In “Free-Air”
3.5.1c: It was suggested that the large angular dependence could possibly be due to
some interference from the LINAC treatment couch, so the next angular
dependence experiment was conducted with the phantom in a free-air
configuration, i.e. with no treatment couch within the beam path beneath the
phantom, as shown previously in Figure 2.14 (Materials & Methods, chapter
2.5). The results in Figure 3.14 show essentially the same angular dependence as
the standard configuration within error limits. Since there is no significant
change, it can be assumed that the 5cm radius of the cylindrical acrylic phantom
is sufficient for use in the standard set-up used for the previous axial angular
dependence experiments, with negligible influence from the treatment couch.

Angular Dependence - Hard MOSkin : Acrylic Phantom in "Free-Air"
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Figure 3.14: Comparison of the hard MOSkin both in the standard (black data, taken from Figure
3.11) and the free-air (red data) configurations. There is no significant difference observed between
the standard and the “free-air” phantom situations.
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“Soft” vs. “Hard” MOSkin in Acrylic Phantom
3.5.1d:

The back face of the hard MOSkin has previously been shown to have no

angular dependence, as opposed to the front face, so this method was performed
to determine if the MOSkin packaging was having any significant influence.
Figure 3.15 shows the soft MOSkin angular dependence, overlayed with the hard
MOSkin data shown previously in Figure 3.11. The results show that,, within the
limits of accuracy of both experiments there is no significant difference between
the hard and soft MOSkin versions. Thus we can conclude that the rigid
packaging has introduced no adverse effects to the hard MOSkin in terms of
angular dependence.
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Figure 3.15: Comparison of angular dependence results from the hard MOSkin (black) seen
previously in Figure 3.13, and the soft MOSkin (red) in the acrylic cylinder phantom. Notice the
similarity of the results, thus the packaging of the hard MOSkin has had no significant influence on
the device angular depndence.
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Solid Water Breast Phantom
3.5.1e: Performing essentially the same experiment as the previous axial angular
dependence method, but with the hard MOSkin in a solid water breast phantom,
this test was performed to ensure that both phantoms are giving similar angular
dependence results regardless of geometry. Unfortunately due to the physical
constraints of the breast phantom, the beam incidence of 90° and 270° could not
be measured. One of the most apparent observations from the solid water breast
data in Figure 3.16, when compared to the acrylic cylinder angular dependence,
is that there is less variation from front to back face, with only ~11% total
variation as opposed to the 16% variation seen in the acrylic phantom. Although
the difference is small, this does present the issue that phantom geometry could
have an effect on the angular dependence, however the back face once again
displays an angular independent response.
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Figure 3.16: Angular dependence of the hard MOSkin in a solid water breast phantom (red). Upon
comparison with results from the acrylic phantom (black) you will notice that the solid water breast
phantom has slightly less total variation of 11% compared to 16% in the acrylic cylinder.
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3.5.2 Tip Angular Dependence

(a)

(b)

Figure 3.17: Angles of incident radiation for the tip angular dependence results. The angles of
incidence for the vertically planar measurements can be seen in (a), while (b) shows the horizontally
planar angles as used on the results charts.

Vertically Planar Tip
3.5.2a: The tip angular dependence is important, as clinically it may not be possible
to ensure that the MOSkin dosimeter is situated perpendicular to the incident
beam. The vertically planar tip measurements show the MOSkin response as the
incident beam passes from normally incident on the front face, over the tip, to
normally incident on the back face. The results shown in Figure 3.18 describe a
similar distribution to that seen in the axial angular dependence from 0° to 180°
(Figure 3.11). Higher sensitivity is once again seen on the front face (0°)
compared to the reduced sensitivity of the back face (180°). This corresponds to
what has been observed in the previous angular dependence tests.
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What is also of interest is the second set of data (red). For this particular run the
MOSkin was irradiated from normally incident to the back face first (180°) then
proceeding on to the front face. As a result of the sensitivity decline discussed
previously the result appears to be of lesser total variation. Thus with the large
doses delivered during an angular dependence experiment it is important to also
present the order of exposure to prevent misleading results. In the case of this
experiment there is the 16% difference from front to back face, as expected from
previous results, but irradiating from back to front face presents a difference of
only 11%. Throughout this angular dependence chapter you may have noticed
that at 90° and 270° angle of incident radiation there is often a large variation.
This is due to the beam being partially incident on both the front and back face,
so when the dosimeter is not perfectly positioned with respect to beam angle
there may be a slightly higher or lower response. In the case of Figure 3.18, the
successive exposures were delivered at each angle before moving the gantry on
to the next angle, then after a full 180° the gantry rotated back for the second
dataset which presents the possibility of a slight positioning difference showing
as a noticeable variation in response about the edge. This is further shown in the
following horizontally planar tip experiment.
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MOSkin Tip Angular Dependence - Vertically Planar
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Figure 3.18: Vertically planar tip angular dependence in the cylindrical acrylic phantom. The
angles correspond to those in Figure 3.17a. Two sets of data are represented here: the black data
where the acquisitions proceed from front to back face (0°°-180°°), and the red data that worked
from back to front (180°°-0°°). The difference in front-back face sensitivity between to two data sets
is created due to the sensitivity decay with dose accumulation (refer to previous sensitivity response
results, chapter 3.4).

Horizontally Planar Tip
3.5.2b: For the horizontally planar tip angular dependence the beam was directed
around the edge of MOSkin tip as in Figure 3.17b. In Figure 3.19 the black data
points indicate the raw data where you will notice that there appears to be a
linear trend, however with a slightly declining trend from 0° to 180°. The rate of
decline was noted to be similar to that observed in the sensitivity response
results, so a correction was used to account for the sensitivity decline using
calibration data in the same fashion as the back face axial results previously in
chapter 3.21b. The result is plotted in Figure 3.19 along with the uncorrected
data for comparison. This shows that, with the application of an appropriate
correction factor, it can be said that the response of the MOSkin dosimeter on a
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horizontally planar axis is independent of the angle of incident radiation, with
variation of only ±2%.

MOSkin Tip Angular Dependence - Horizontally Planar
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Figure 3.19: Horizontally planar tip angular dependence. Two data sets are shown: the black points
showing the original uncorrected data, and the red points showing the same data but with
correction applied to account for the change in sensitivity response (correction obtained from the
sensitivity response results section). When sensitivity decay is taken into account there is no angular
dependence in the horizontally planar axis.
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3.6 “Flip” Sensitivity Variation
3.6.1 Soft vs. Hard MOSkin
Essentially an extended calibration of the soft and hard version MOSkin was
performed in both the up and down orientations. The results in Figure 3.20 show
that, for clinically relevant doses, the MOSkin can be assumed to have a linear
response. This is consistent with what was found in the sensitivity reproducibility
results. A shift in the sensitivity is noticeable between the up and down MOSkin
orientations for both the soft and hard versions, as experienced in the previous
angular dependence experiments. Although the new hard MOSkin displays a notable
increase in sensitivity over the soft version, a difference of 15% in the response
between the orientations is observed in both versions. The next experiment was
performed to investigate a possibility that the silicon substrate is a significant
contributing factor to this variation.
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Flip Variation - Soft and Hard MOSkin
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Figure 3.20: Sensitivity variation between normally incident photon radiation to the front (solid
line) and back (dashed line) MOSkin face. The red and blue data represents the soft and hard
version MOSkin respectively. Note that the actual magnitude of the difference between front and
back face are very similar for both versions.

3.6.2 Hard MOSkin With Si Cap
Given the variation observed in the first test and the angular dependence
experiments, a modification of the test was performed with the hard MOSkin. This
time a 0.36mm silicon wafer was used as a cap and placed over the sensitive area on
the front face for both orientations. The black data in Figure 3.21 shows the result of
the silicon capped hard MOSkin, with the blue being the hard uncapped MOSkin
results, as initially shown in Figure 3.20 above. As stated previously, the hard
uncapped MOSkin displays a significant variation between the sensitivity responses
of the front face to the back face. However, looking at the results of this experiment
in Figure 3.21, the application of a 0.36mm silicon cap results in noticably
eliminating the sensitivity variation.
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Another side-effect of the silicon cap is that the combined scatter effects of both the
substrate and cap silicon has resulted in the sensitivity of both orientations
remaining as per the front face of the uncapped hard MOSkin. Figure 3.22 shows a
comparison of the hard MOSkin with the Si cap to the previous results of the
standard hard version MOSkin and the soft MOSkin. You will again notice that the
sensitivity on the back face of the capped MOSkin has effectively been raised to that
of the front. From this it can be said that the silicon has insignificant effect on the
beam attenuation. However, since the silicon is not tissue, equivalent low energy
electron backscatter effects have a significant effect. The silicon substrate is
therefore making a large contribution to the angular dependence of the MOSkin
dosimeter.

A possible solution to the flip sensitivity variation could be to reduce the thickness
of the silicon substrate, however this would also increase the cost of each unit. It
also presents the possibility of producing another completely angular independent
version for dosimetry in electronic equilibrium situations by the addition of a thicker
build-up layer over the front face. However this would negate the surface dosimetry
advantage that the MOSkin has over other MOSFET dosimeters. By the same note it
also further shows the effectiveness of the epoxy bubble on current commercial
MOSFET dosimeters, such as the Thompson & Nielson devices, for reducing
MOSFET angular dependence.
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Flip Variation - Si Cap and Hard (no cap) MOSkin
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Figure 3.21: Sensitivity variation between normally incident photon radiation to the front (solid
line) and back (dashed line) MOSkin face. The black and blue data represents the hard version
MOSkin both with the silicon cap and no cap (as per Figure 3.20) respectively. Note that the
application of the silicon wafer has resulted in eliminating the sensitivity variation (within the limits
of variation).

Flip Sensitivity Variation Comparison
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Figure 3.22: Comparison of the mean sensitivity variation or all three MOSkin configurations. The
result is normalized to the face up orientation of the hard MOSkin (i.e. no cap). Notice the
application of the silicon cap has raised the sensitivity of the back face to meet that of the front.
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3.7 Error Bar Determination
Error bars give an indication of the variance of results. In the angular dependence
measurements multiple measurements were taken at each angle to provide some
indication of the reliability of the result. Given the limitations of a finite accumulated
dose limit of each device the number of readings at each angle was limited to 3. The
error bars displayed in the results charts were determined using 2 standard deviations, as
shown in equation (13), where n is the sample size, and s is the sample standard
deviation calculated by the “n-1” method in equation (14).

(13) Error = ±

2s
n

 n 
n∑ x −  ∑ xi 
i =1
 i=1 
n(n − 1)
n

2

2
i

(14) s =

The error bars shown in the results, where the irradiation to readout time interval was
kept more consistent by careful timing, resulted in error bars of ±2.5%, and often much
better. Given the small sample size, this is indicates a very good reproducibility,
provided strict readout procedures are adhered to.

- 76 -

Chapter 4: Conclusions
A preliminary investigation into characteristics of a new “hard” version of the MOSkin
radiation dosimeter, developed at the CMRP, has been investigated. These
characteristics include temperature dependence, energy dependence, sensitivity
response, angular dependence, and “flip” sensitivity variation. All 6MV photon
radiation was supplied by a Varian 21EX LINAC, with the kV beam of the energy
dependence experiments being supplied by a Gulmay DX3300 orthovoltage x-ray
therapy machine.

The temperature dependence investigation produced some very promising results. It is
reported throughout the literature how traditional MOSFET dosimeters display a
variation in the gate threshold voltage as a result of temperature change [18], [23], [28],
[30], [31]. Both the commercial MOSFET dosimeter and the MOSkin agree with this
accepted phenomenon, but they also both have what is known as a thermostable current.
This thermostable current is a point where the threshold voltage is independent of
temperature variation. For the initial non-irradiated state of commercial MOSFET this
occurred at Id = 290±1µA, while for the non-irradiated MOSkin shown in the results this
was at Id = 38±1µA. Another issue described in literature is the fall in the thermostable
current due to dose history. The commercial device showed this with a drop in
thermostable current to Id = 9±7µA when fully irradiated. The MOSkin on the other
hand showed no such drop. After being irradiated with approximately 60Gy the
thermostable current of Id = 37±1µA, which lies within the limits of the MOSkin un-
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irradiated state. This makes the MOSkin essentially a thermally independent single
MOSFET device, provided the correct drain current is applied for reading.

Understanding of any sensitivity variation throughout the lifetime of a MOSFET
dosimeter is important to ensure the accuracy of detection. MOSFET dosimeters have
been known to show a decrease in their sensitivity response over their lifetime due to
the accumulation of trapped charges with irradiation. As more charges are trapped, a
repulsive force grows to resist the migration and trapping of more holes resulting in the
gradual decrease in sensitivity. However this can be corrected for provided the device
characteristics are known. The MOSkin dosimeter has been shown to exhibit this same
effect. The decline in MOSkin sensitivity response occurs at a predictable rate, which is
linear with respect to the change in threshold voltage. This rate of decline is also
consistent regardless of the time period between irradiation and readout be it 10sec or
1min. Although a longer wait presents a lower sensitivity, it is not relevant for real time
application. No creep-up effects were detected. The sensitivity response dropped at a
rate of 3.5±1% over 9Gy and can be programmed in a reader software. There was a
difference observed in the slope of the 50cGy successive doses as compared to the 2Gy
doses, along with more predictable readings obtained from the 2Gy doses due to higher
relative accuracy of dose measurement. The rate at which the sensitivity declined due to
2Gy doses was 3±0.25% over 9Gy. Depending on the desired accuracy, regular periodic
calibrations of the MOSkin should be made.

Energy dependence of a radiation dosimeter is important should the device be used for
low energy therapeutic or diagnostic x-rays. Ideally there should be energy
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independence for a range of energies, although most dosimeters are known to result in a
higher dose response at low energy due to dose enhancement effects and the increasing
dominance of photoelectric effects as energy decreases [36]. The MOSkin showed
similar energy dependence to the Thompson & Nielson TN RDM 502 microMOSFET
dosimeter in the literature [33]. At 50kV the response of the MOSkin was 5.1 times
greater than the response due to 6MV photon radiation. To compare with the lowest
energy (75kV) response for the microMOSFET of ~4.25 times the 6MV response, the
MOSkin at this energy produced a response of 4.9 times greater than at 6MV. The
difference between the two dosimeter types is not unexpected, as the microMOSFET
has a bubble of epoxy providing additional filtration to aid in reducing build-up effects,
where the MOSkin build-up layer of only 0.07mm WED does not have this same
advantage.

Since MOSFET dosimeters do not have a cylindrical geometry a common characteristic
is that the sensitivity response often has some degree of angular dependence [34]. The
angular dependence for both the hard and soft version MOSkin dosimeter was observed
under 6MV photon radiation. Using the acrylic cylindrical phantom it was determined
that the soft and hard version is similarly dependent on the angle of incident radiation
with a total variation of 16%. However although strong angular dependence was
observed over the front face (beam incident at 0°), the application of a correction to
adjust for sensitivity decline on the back face (beam incident at 180°) showed a
response independent of angle with a variation of only ±2.5% from 180° ±90° beam
incidence. This presents the possibility of using the MOSkin, in its current
configuration, for dosimetry in electronic equilibrium situations (at depth), with beam
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incident on the back face within ±90, as well as the already published skin dosimetry
capability with beam incident on the front face [12].

Concerns were put to rest that the LINAC treatment table could be contributing to the
large total variation by performing the same experiment with the acrylic phantom in a
free-air situation (i.e. no table within the beam path below the phantom), as the results
obtained matched those of the previous experiments. However there is the question of
phantom geometry issues, as the solid water breast phantom produced a total variation
of only 11%. This is likely due to different backscatter conditions of the slab below the
solid water breast compared to the equal thickness of material before and after the
dosimeter in the full cylinder acrylic phantom.

For angular dependence of the MOSkin tip, the vertically planar axis (for orientation
refer to Figure 3.17a) showed results with the same total variation of 16%, as observed
in the axial results. However the importance of beam delivery method - i.e. front face
first or back first – was shown, as irradiating the back face first then proceeding to the
front gives a significantly smaller variation of only 11%. For the horizontally planar
results (for orientation refer to Figure 3.17b) the application of a correction to adjust for
sensitivity decline showed that the MOSkin response is independent of the angle of
beam incidence around the edge.

Lastly, the flip sensitivity variation experiment (difference between normally incident
front face to normally incident back face) produced some very interesting results. The
soft MOSkin was shown to have a lower sensitivity than the hard MOSkin, but the
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difference in response between the front and back face was the same. However when a
0.36mm Si cap was placed over the front face of the hard MOSkin, completely covering
the sensitive area, there was no significant difference observed between the front and
back face. The response of the back face was increased to match that of the front.
Although the Si does not attenuate the beam itself by any significant amount, it does
contribute to low energy electron backscatter, and the MOSkin has been shown to
produce an over-response to low energy. Thus the higher response of the standard hard
and soft MOSkin front face is likely due to the 0.375mm Si substrate. Further
experimentation and simulation should be conducted to confirm any other contributing
factors such as gate, insulator, and substrate interfaces.

In conclusion, the MOSkin is proving to have great potential as a revolutionary new
clinical dosimetry device, especially for skin dose measurements. With standardisation
and appropriate reader setup the MOSkin has the potential to be temperature
independent. The sensitivity response does have a degree of dose dependence, however
the sensitivity decline, as the device accumulates dose, occurs in a predictable fashion,
and can be easily corrected. There is a dependence on energy in the kV photon range,
however this is still comparable to current commercial MOSFET dosimeters. Angular
dependence can be an issue, but only over the front face which is used for skin
dosimetry, and demonstrated excellent performance by CMRP earlier. With no angular
dependence around the back face, the MOSkin version examined is an excellent
dosimeter for real time dosimetry in situations of CPE, or using face up mode MOSkin
is providing accurate skin dose at depth 0.007 mm at interfaces. The angular
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dependence is shown to be caused by the Si substrate. A thinner substrate could
possibly be used to minimise this, however that requires further investigation.
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